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Controlled environment agriculture (CEA) is a fast-growing sector of the horticultural 
marketplace in mid-western states like Iowa. Supporting this expanding industry necessitates 
empirically supported management strategies for the input-intensive nature of its production 
systems. One of the most significant opportunities for improving production efficiency is 
optimizing energy consumption. This thesis aims to accomplish that goal through two 
overarching objectives: (1) improving the corpus of temperature physiology for specialty leafy 
green crops; and (2) creating a new experimental framework and a decision support tool for the 
production of commonly grown leafy greens and culinary herbs. 
These objectives were furthered over the course of two experiments. In our first 
experiment, changes to specialty leafy green growth, development, and gas exchange were 
modeled against average daily temperature (ADT). The results provided evidence for the 
establishment of cardinal temperatures and temperature classifications for arugula, kale, swiss 
chard, and pac choi. The statistical analysis of fresh mass and node appearance indicated that 
these responses followed an asymmetrical parabolic trend from which a linear range of effective 
production temperatures could be formed. These linear ranges are the values of ADT within 
which the commercial production of these species should be maintained. 
The second experiment explored the manipulation of diurnal temperature difference 
(DIF) on lettuce and basil. Plants were grown between -10 and 15 °C of DIF at 20 and 25 °C 
ADT. The resulting values for yield were incorporated into greenhouse heating simulation 
software, forming the season-specific temperature recommendations and fuel consumption 





CHAPTER 1.    GENERAL INTRODUCTION 
Controlled Environment Agriculture   
 Controlled environment agriculture (CEA) is the production of crops in a setting where 
key factors such as temperature, light, and mineral nutrition are highly regulated (Albright, 
2002). Controlled environments range in complexity from greenhouses outfitted with only active 
ventilation to vertical farms which manage multiple plant micro-environments using intricate 
climate control equipment (Shamshiri et al., 2016; Benke and Tomkins, 2017). As these systems 
change in complexity so too does the efficiency with which they utilize their inputs (Gramaans et 
al., 2018). Hydroponic systems can augment CEA production by improving water and nutrient 
provision (Resh, 2013). Producing edible crops using CEA hydroponic systems requires more 
energy and labor than field production but can be several times more water and space efficient 
(Barbosa et. al, 2015). 
Although available data specifically regarding the number of facilities is limited, 
evidence suggests CEA plays an expanding economic role nationwide. The USDA accounts for 
protected agriculture operations, including CEA as a subset, as a part of its agriculture economic 
census (USDA, 2007).  Nationally, protected culture producers growing vegetables and herbs 
increased 166% from 4,075 operations in 2007 to 10,849 in 2017 (USDA, 2007; USDA, 2017). 
U.S. lettuce (Lactuca sativa) and fresh herb production grown under protection has increased 
from 661 operations in 2009 to 1,287 in 2014 (USDA, 2009; 2014).The wholesale value of 
national sales between 2007 and 2017 increased 35%, from $553M to $748M with non-tomato 






USDA protected agriculture trends in Iowa report production is expanding in Iowa as 
well. Between 2012 and 2017, the number of protected agriculture operations as well as the 
acreage of such operations in Iowa has increased by 25.2% and 32% respectively (USDA, 2017).  
The contribution of hydroponic systems to CEA production in Iowa has increased as from 4,864 
cwt in 2009 to 16,811 cwt in 2014 produced by 28 and 75 operations, respectively. (USDA, 
2009; USDA, 2014). In Iowa, growth of protected culture contrasts with the decrease in acreage 
and number of operations for traditional row crops like corn, wheat, and soy (USDA, 2017). 
Similar trends of increasing operations are occurring in nearly all of the mid-western states 
(USDA, 2017). 
 Production by CEA can grow high quality, local, vegetables and herbs in environments 
that are otherwise agriculturally unproductive. Rouphael et al. (2012) outlines how plants grown 
under protection still contend with stressors unique to their environment but overall experience 
slower changes than their field grown counterparts. This less dynamic growing environment is 
just one of the factors that create ideal conditions for edible crops. By engineering these 
favorable environments, CEA can achieve added value through the growing consumer interest in 
“local produce” (McCartney and Lesfrud, 2018). It is important to note, however, that while 
CEA operations may be able to grow crops closer to consumers in the adverse environments 
described by McCartney and Lesdfrud (2018), life cycle analyses indicate that the energy off-set 
from shorter transportation is much less significant than the energy requirements of production 
(Duston, 2017). CEA hydroponic production systems present an alternative where land has 
become less agriculturally viable and cannot support profitable levels of production (Treftz and 





food is worsened by rapid changes in the meteorological and economic climate (McCubbin et al., 
2017). 
Notwithstanding its many benefits, CEA still has challenges to overcome concerning 
energy consumption and the resultant environmental impact. According to Golzar et al. (2019), 
in a CEA greenhouse "85% of climate change impact in cold climate is due to heating and 
electricity processes". In this same study heating was shown to incur several times the 
environmental impact than supplemental lighting, the largest contributor to electricity 
consumption (Golzar et al., 2019). Speculation regarding the effectiveness of vertical farming 
production systems is further driving development of operations which consume more energy for 
lighting compared to greenhouse vegetable operations (Benke and Tomkins, 2017). Although 
lighting may become a larger portion of energy inputs, studies suggest temperature management 
will continue to be the largest driver of economic efficiency in CEA (Albright, 1991; Banaeian et 
al., 2011; Vadiee and Martin, 2014). Blanchard and Runkle (2011) demonstrate how this would 
be especially true for northern greenhouse growers where heating represents one of the largest 
expenses of production. If these trends continue, the body of research surrounding CEA 
production must grow to meet the challenges that come with it. It is incumbent, therefore, that 
future research in the realm of CEA address temperature management and its impact on both 
plants and the underlying economics of their commercial production.  
 
Leafy Greens and Culinary Herbs  
 The term ‘leafy greens’ refer to species in which the bulk of their mass serve the 
common dietary role of providing roughage in the form of fiber and also contribute important 
dietary compounds such as ascorbic acid, retinol, iron, calcium, magnesium and folic acid (Van 





include spinach (Spinacia oleraceae), kale (Brassica oleracea var. sabellica), lettuce, arugula 
(Eruca sativa ssp. sativa), pac choi (Brassica rapa ssp. chinensis), and swiss chard (Betula 
vulgaris ssp. vulgaris). Although their countries of origin and cultivation practices can differ, 
leafy greens are typically grown as a cool-season crop (Maynard and Hochmuth, 2006). Culinary 
herbs refer to plants whose “leaves or herbaceous parts” are used primarily as flavoring (Carlsen 
et al., 2011). Opara and Chohan (2014) outline some commonly grown and researched herbs 
including basil (Ocimum basilicum), dill (Anethum graveolens), cilantro (Coriandum sativum), 
and parsley (Petroselinum crispum) among others. 
 Leafy greens and culinary herbs are popular CEA crops, valued for their ability to meet 
the demands of a dynamic market, the ease of their year-round production, and in some cases 
their reduced environmental impact due to greater production efficiency (Castilla and Hernandez, 
2007). As Brandenberger et al. and Metallo et al. (2007, 2018) demonstrated, some species have 
a CEA production cycle as short as 30 days. Leafy greens are also highly amenable to CEA 
production systems. While crops like tomatoes can require extensive retrofitting of a greenhouse 
for training and trellising (Peet and Welles, 2005), producing culinary herbs require little 
modification to the existing structure to accommodate their culture. Depending on the starting 
material size, some herbs can be grown from plug to finished product in as little as two weeks 
(Nau, 2011). Due to the similarities in their cultural requirements, leafy greens and culinary 
herbs can be grown simultaneously in CEA production facilities. 
 Consumption of leafy greens and herbs is on the rise for reasons beyond their value as 
fiber and flavoring, respectively. Coolong et al. (2013) outlined how health conscious consumers 
value leafy greens for their mineral nutrient content and purported benefits of their carotenoid, 





regarding the comparative levels of phenolic compound concentrations between field and CEA 
produced leafy greens. For example, the chemical analysis conducted by Kobori and Amaya 
(2008) suggested that field-grown leafy greens contained higher concentrations of carotenoids 
than their CEA counterparts. The methodology of this study, however, did not control for light 
intensity and temperature which are contributors to the accumulation of these compounds, as 
noted in another study by Kimura and Rodriguez-Amaya (2003). In a study conducted by Boo et 
al. (2011) anthocyanin and polyphenol concentrations specifically were noted to be enhanced at 
low day/night temperatures in lettuce grown in a controlled environment. Kopsell et al. (2005) 
report, however, that phytochemical accumulation is species-specific among leafy greens and 
can occur at either high (> 30 °C) or low (< 10 °C) temperatures.  
As with leafy greens, much of the research attention regarding culinary herbs describes 
how the bioactive compounds which impart their flavor play an important dietary role 
(Vallverdu-Queralt et al., 2014; Hinneburg et al. 2005). One of the primary benefits of these 
phenolic compounds is their activity as an antioxidant, reacting with and eliminating potentially 
harmful molecules such as free radicals (Zheng and Wang, 2001). Basil, in particular, has been 
demonstrated to contain significantly higher phenolic content compared to other herbs 
(Hinneburg et al., 2005).  
  Besides enhancing the phenolic concentrations, regulating the production environment 
also impacts the chemical and biological safety of their edible parts. Nitrate accumulation in 
leafy greens must be monitored closely due to its potential to negatively impact human health 
(Ott-Borrelli et al., 2009; Escobar-Gutierrez et al., 2015). The temperature effects on nitrate 
accumulation require further study for the individual species of leafy greens since some plants 





2016; Costa et al., 2011). Another primary food safety concern for leafy greens is contamination 
by salmonella and E. coli. Rainfall and the resultant soil splashing onto foliage was indicated to 
be one of the main factors for transmission of E. coli in field grown baby spinach (Allende et al., 
2017). In CEA, this mode of transmission is essentially absent since irrigation is not typically 
delivered overhead onto the foliage.  
 Although extensive research has been conducted in lettuce and spinach, comparatively 
little analogous information is available to the public regarding other leafy green species which 
may be conducive to CEA production. Light spectrum and nutrient solution composition are 
often the subject of contemporary hydroponic leafy green experiments, with emphasis placed 
upon their effects on yield and product quality (Metallo et al., 2018; Singh et al., 2019). While 
studying these topics generates information for growers, photosynthesis and nutrient uptake are 
still dependent on an even more important aspect of plant physiology: growing temperatures 
(Erwin and Gesick, 2017). 
 
Plant Temperature Effects   
 Temperature impacts a wide range of plant processes which, in turn, affect the rate of 
development of a crop (Nesmith, 1991). Temperatures in horticultural operations are measured 
as minimums, maximums, and average temperatures. While extreme hot and cold temperatures 
mainly determine where a crop can be grown geographically, it is the temperatures between 
those extremes which are useful for predicting qualitative and quantitative effects on a crop. 
Average daily temperature (ADT) is the mean temperature over 24 hours (Erwin et al., 1991) and 
affects developmental aspects such as stem elongation, leaf angle, and dry mass partitioning 





rate of leaf unfolding (Karlsson et al., 1991), though many developmental processes may be 
defined in rates (i.e. leaf expansion, time to flower, etc.). 
Temperature effects can be further categorized based on what is physically being 
measured. Plant temperature may be the most physiologically significant measure of 
temperature, but it is typically forgone in favor of air temperature since it this temperature by 
which greenhouse growers monitor and control their environment (Blonder and Michaletz, 2018; 
Savvides et al., 2017). Other horticulturally relevant measures of temperature exist which have a 
substantial outcome on development and morphology (e.g. substrate temperature) (Thompson et 
al., 1998). As Kawasaki et al. (2014) discussed, these effects have a significant interaction with 
corresponding shoot temperatures which necessitate their study as a requisite to achieving the 
benefits of modified root temperatures. Furthermore, root-zone temperature modulation may 
have unintended negative outcomes. One such consequence is the decreased production of 
phenolic compound synthesis (Sakamoto and Suzuki, 2015).  
In addition to the rate of development, managing air temperature to near-optimal air 
temperature increases crop yield (Dufault et al., 2009) and may improve product quality 
parameters such as market, sensory, and nutritional value (Gruda, 2007). Limited studies on the 
effects of temperature on developmental rate are available for leafy greens species outside of 
lettuce. Additionally, as with the case of Kopsell et al. (2005) and Gent (2015) these experiments 
tend to analyze the data from a narrow range of treatment temperatures as categorical variables.  
Further research on temperature effects on quality is essential to more accurately 
demonstrate the changes on a final marketable product grown under varied CEA conditions. 
Bunning et al. (2010) examined the effects of temperature variation in perceived lettuce quality 





with similar mean temperatures and used a thermal unit accumulation model to account for 
temperature stress. Additionally, when sensory panels were conducted, participants were 
presented samples that were processed to remove all damaged and unsightly portions which is 
not representative of how fresh market produce is evaluated for quality in a retail setting.  
Providing samples in this way and growing the initial plant material in the field may have 
contributed to the fact that participants did not correlate any sensory attributes with the 
temperature variation. 
Besides affecting growth and development, temperature also changes how plants interact 
with their environment. Temperature effects on nutrient uptake were originally considered 
dependent mainly on root development and the extent to which they permeate through soil 
(Bowen, 1969). While this may hold true for field plants, newer studies indicate these effects 
persist in the absence of soil with uptake stress having been demonstrated to originate from both 
cytosolic and membrane bound enzyme function (Hood and Mills, 1994; Giri et. al, 2017). 
Although these experiments manipulated substrate temperature, hydroponic solution 
approximates ambient air temperature without a heating or chilling system in place. 
 Temperature management is also important to mitigate incidences of otherwise unrelated 
stressors. For example, Suare (1998) reports that nutrient uptake disorders such as tipburn were 
positively correlated with higher temperatures. Other abiotic disorders like photoinhibition can 
be exacerbated the by slower metabolic activity plants experience when exposed to low 
temperatures (Jie and Kong, 1998; Murchie and Lawson, 2013). While tipburn may be a direct 
consequence of high temperatures on water status, it is more closely correlated with the rapid 
growth of tissue that result from plants being grown at or near their developmentally optimal 





prevented from transpiring due to low airflow and the subsequent lack of boundary layer 
dissipation (Lee et al., 2013). From a production perspective, this has ramifications on practical 
temperature management since the speed at which a crop is grown must be balanced against the 
risk of eliciting a physiological response that reduces quality.  
 
Cardinal Temperatures 
 When plant development is modeled in response to air ADT, three cardinal temperatures 
can be obtained: the base temperature (Tb), the temperature below which plant development 
stops; the optimal temperature (Topt), the temperature at which plant development is maximal; 
and the maximum temperature (Tmax), the temperature above which plant development stops 
(Yan and Hunt, 1999). Between Tb and Topt, the response to ADT can be simplified and referred 
to as the linear range. This linear range of the temperature response to ADT is especially relevant 
to greenhouse growers for two reasons. The predictive model is easily interpretable (y = mx +b) 
and it contains useful information for predicting crop parameters like yield. This model is 
favored over a multi-variate model because accounting for calibration for each of the co-variates 
becomes a bulky analytical process (Yan and Hunt, 1999). For growers using production systems 
allowing for temperature manipulation, access to this predictive model informs management 
decisions regarding crop timing and crop size. 
 Previous models have used a thermal unit accumulation approach to modeling crop 
development, but these models are of more importance in determining time to a developmental 
event such as physiological maturity or anthesis as opposed to predicting relative growth among 
varying temperatures (Gilmore and Rogers, 1958). Purcell (2003) argues hourly thermal units 
(HTU) offer greater accuracy than the daily thermal units (DTU) ,typically used by unit 





occurs near Tb or when temperatures exceed 34 ° C. Furthermore, certain climatic conditions 
must be satisfied for a thermal unit accumulation model to be of any use (Ritchie and Nesmith, 
1996). One of these conditions is temperatures do not fall below plant base temperature for 
extended periods of time. Blanchard and Runkle (2010) agree and expand upon this by noting 
appropriate predictive models for thermal unit accumulation should also account for Topt. 
Therefore, to construct a thermal unit accumulation model an ADT cardinal temperature model 
must first be achieved.  
Accepted methods for quantifying temperature responses and creating models are 
established for annual bedding plants but few exist for specialty leafy green species (Blanchard 
and Runkle, 2010). Although this type of model was used to estimate time to flowering, it has 
value as a basis for predicting vegetative growth. Prediction models have been previously 
proposed using a sigmoidal design to estimate relative growth rates in lettuce, but this model did 
not incorporate a production length representing a marketable sized final plant (Scaife, 2019). 
The challenge in locating appropriate models to base further work on using field experiment data 
is two-fold: 1) Field temperature may approximate controlled environment mean temperatures 
but possess much higher diurnal variability. 2) Plant physiological and morphological responses 
can be drastically different between field and growth chamber conditions (Poorter, 2016). 
 
Energy Consumption and DIF 
Another important aspect of temperature management is the control over diurnal 
temperatures. The difference (DIF) between the day (DT) and night temperatures (NT) is DIF 
(Erwin and Heins, 1995). A positive DIF represents a higher day temperature than the night 
temperature and a negative DIF represents a lower day temperature than the night temperature. 





(positive DIF) stem elongation (Blom and Kerec, 2003), and is considered an effective 
alternative to far-red light manipulation and chemical methods of plant growth regulation 
(Bachman and McMahon, 2006). The resultant change in height is a function of internode 
cellular elongation rather than node appearance, although there has been some dispute as to how 
node appearance can be influenced by absolute values of DT and NT (Berghage and Heins, 
1991; Carvalho et al., 2002). 
Sellers of edible crops are paid based on the fresh weight they produce, so altering the 
height of the plants is of little value, unlike container-grown ornamental plants. Furthermore, 
studies regarding DIF induced stem elongation on whole plant fresh weight are mostly limited to 
certain flowering annuals, the results of which suggest that there is no general trend that can be 
extrapolated across different species (Roeber et al., 1995; Vogelezang, 2000). Considering 
ambient outdoor day temperatures are naturally higher and nighttime temperatures lower, a 
positive DIF schedule can reduce a grower’s fuel costs for heating (Blanchard and Runkle, 
2011). The extent of this cost reduction depends on location and time of year but is commonly 
one of the most significant expenses for greenhouse and controlled environment producers 
(Elings et al., 2005).  
 Achieving greater fresh mass and lower heating costs in the winter production months 
requires accurate temperature response models, considering that the savings realized from even a 
1 °F reduction in temperature translates to ≈ 3% savings in heating (Frantz, 2011).  Less overall 
heating and more efficient operation of heating infrastructure will result in lower consumption of 
fossil fuels. This is especially relevant for growers concerned with their environmental impact 





Conclusions   
CEA is not a new form of plant production but compared to field research it has a much 
smaller body of literature. Industry trends for CEA do not show signs of slowing and public 
research efforts need to keep pace with the demands of growers, consumers, and regulators of 
CEA products. Leafy greens and culinary herbs are popular with growers, profitable, and 
contribute the dietary well-being of U.S. consumers. These factors combined with a quick crop 
cycle makes them an ideal candidate for conducting CEA research. Presently one of the most 
significant gaps in leafy green and culinary herb research is the lack of models quantifying the 
multitude of effects that growing temperatures have on individual species. Most of the 
information in the current body of literature for leafy greens and herbs is based on field research 
which is not a good proxy for controlled environments. Where there is research regarding 
temperature effects, the models are either inadequate or unconventional for the end users. 
Data concerning temperature effects on harvest parameters such as quality, 
phytochemical concentrations, and safety is currently lacking. Before this research can be 
undertaken, basic morphology, yield, and physiological responses must be studied to form the 
basis to move forward with other areas of focus. The most essential requirement in that respect is 
establishing the developmental cardinal temperatures for these common CEA crops.  
If the previously described trend of expanding CEA continues, growers of floriculture 
crops may convert their operations and produce leafy greens and culinary herbs for which there 
is little research available regarding DIF. As this transition occurs, information must be made 
available to present better alternatives to typical floriculture practices. Specifically, decision 
support tools must be developed to illustrate the benefits and costs of DIF management. Before 
growers can be expected to adopt neutral or positive DIF regimes, an examination of crop 





already available greenhouse simulation software can be utilized to predict heating cost savings 
based on different DIF management. 
  The work based on these premises aims to achieve four goals across two experiments: (1) 
Enhance the tools that growers have for making environmental control decisions; (2) Provide 
information that can be used to reduce the environmental impact of CEA. (3) Establish the basic 
physiological and morphological responses that common CEA plants exhibit in response to a 
wide range of temperatures; and (4) Create the experimental framework that can be applied to 
evaluate underutilized leafy greens and herbs for CEA production.  
In the first experiment, growth and development responses and cardinal temperatures 
were established for specialty leafy greens. These results were used to establish a linear range of 
production temperatures and recommendations for temperature classification. In the second 
experiment, lettuce and basil were grown under varying levels of DIF under two different ADTs. 
The resulting estimates for fresh mass production were incorporated into a greenhouse 
simulation software which calculated heating production efficiencies on a seasonal, month-to-
month basis. It is the aim of this research that the results are incorporated directly into CEA 
production philosophy and used as a template by which the temperature responses of other 
species may be studied.  
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Abstract 
Specialty greens are among the most economically important crops in controlled 
environment agriculture (CEA). Despite this, minimal research on optimal growing temperatures 
for these species is available. The objectives of this research were to determine the effects of air 
temperature on growth and development of arugula, kale, pac choi, and swiss chard.  Plants were 
grown under a constant air temperature of 8, 13, 18, 23, 28, or 32 °C in environmentally 
controlled chambers for 21 days (arugula and pac choi) or 28 days (kale and swiss chard). Data 
were analyzed using asymmetric parabolic modeling, and species-specific cardinal temperatures 
were determined. Predicted fresh mass production was optimized when estimates for air 
temperatures were 23.8 °C (arugula), 26.6 °C (chard), 25.2 °C (pac choi), and 26.2 °C (kale). 
This research discusses how maintaining production temperature at or below these optima is 






Controlled environment agriculture (CEA) is a form of protected culture that highly 
influences factors such as temperature, lighting, irrigation, and fertilization (Albright, 2001) 
resulting in $796 million in sales annually (USDA, 2014). The popularity of leafy green species 
in protected culture has grown rapidly, doubling from 661 operations in 2009 to 1,287 operations 
nationwide by 2014 (USDA, 2009; 2014). Furthermore, sales of greenhouse grown produce have 
increased by over $250 million since 1998, indicating a positive upward trend (USDA, 2017). 
Leafy greens contain essential dietary components such as fiber, ascorbic acid, iron, calcium, and 
folic acid among other vitamins and minerals (Van Duyn and Pivonka, 2000; Gupta et al., 2005; 
Uusiku et al., 2010).  Specialty leafy greens such as kale (Brassica oleracea), arugula (Eruca 
sativa), pac choi (Brassica rapa var. chinensis), and swiss chard (Beta vulgaris) present 
production alternatives to typical leafy greens such as lettuce (Latuca sativa) and spinach 
(Spinacia oleracea).  
 Of the previously described environmental factors, temperature plays one of the largest 
roles in the leafy green crop management. Temperature impacts a wide range of plant processes 
which, in turn, affect the rate of development of crop, quality and yield, phytochemical 
accumulation, and food safety (Jie and Kong, 1997; Dufault et al., 2009; Boo et al., 2011; Dalla 
Costa et al., 2011; Hatfield and Prueger, 2015; Gent 2014, 2016). Plant responses to temperature 
yield three cardinal temperatures: (1) the base temperature (Tb), the temperature below which 
plant development stops; (2) the optimal temperature (Topt), the temperature at which plant 
development is greatest; and (3) the maximum temperature (Tmax), the temperature above which 
plant development stops (Yan and Hunt, 1999). The temperatures between Tb and Topt form what 
is referred to as the linear range, since responses to ADT between these temperatures can be 





temperature control and manipulation, cardinal temperatures and linear ranges can inform 
temperature management decisions affecting production length, size, and quality. 
 While some research is available for temperature responses in kale and other common 
leafy greens, this work did not provide a full accounting of common morphological and 
physiological responses (Lefsrud, 2005; Jie and Kong, 1997; Gent, 2016).  Additionally, cardinal 
temperatures and linear ranges cannot be estimated from previous work for several reasons 
including: growth periods which do not represent commercial production lengths, experimental 
conditions which poorly approximate plant response to controlled environments, or a limited 
number of growth and development responses measured (Jie and Kong, 1997; Poorter, 2016; 
Scaife, 1973).  
 Given the apparent lack of a comprehensive characterization of specialty leafy greens 
responses to a wide range of air temperatures, it is essential that research be carried out which 
improves upon previous studies and addresses the gaps therein. Our objectives in this work were 
to quantify the effects of air temperature on growth and development of kale, arugula, pac choi, 
and swiss chard and determine cardinal temperatures and linear ranges for growth, development, 
and physiological responses. We tested the hypotheses that: (1) Cardinal temperature vary 
between growth (shoot fresh mass) and development (node number). (2) Cardinal temperatures 
vary between species for growth and development; and (3) Temperature responses across species 
vary in both magnitude and model. These hypotheses were tested by growing kale, arugula, 
swiss chard, and pac choi under a 25 °C range of air temperatures under controlled conditions 





Materials and Methods 
Plant Materials and Propagation 
Seeds (Johnny’s Selected Seeds, Winslow, ME) of kale (Brassica oleracea ‘Starbor’), 
arugula (Eruca sativa), pac choi (Brassica rapa var. chinensis ‘Win-Win’), and swiss chard 
(Beta vulgaris ‘Fordhook Giant’) were sown in a 162-cell phenolic foam liner (Oasis Horticubes 
XL; Smithers-Oasis, Kent, OH) and placed in a climate-controlled growth chamber (E–41L; 
Percival Scientific, Perry, IA). Reverse-osmosis water supplemented with 100 mg·L-1 N from a 
complete, balanced water-soluble fertilizer (Jack’s 16–1.8–14.1; JR Peters, Allentown, PA) was 
applied manually each day. Light was supplied at a target intensity of 250 µmol∙m-2∙s-1 from 
fluorescent and incandescent bulbs over a 16-h photoperiod and a 24-h constant target air 
temperature was maintained at 22 °C. Light intensity and air temperature were measured with a 
quantum light sensor (SQ-222; Apogee Instruments Inc., Logan, UT) and a shielded, naturally 
aspirated thermocouple (TMC1-HD; Onset, Bourne, MA) connected to a data logger (HOBO 
U12; Onset, Bourne,  MA). This data logger sampled and recorded light intensity and air 
temperature every 15 s, logging an average every 15 min.   
Growth Chamber Environment, Air Temperature Treatments, and Plant Culture  
Two-week old seedlings thinned to a single seedling per cell were transplanted to 14-cm-
diameter azalea containers (1.45 L vol.; Belden Plastics, St. Paul, MN). Containers were filled 
with a commercial soilless substrate (SS#1–F1P, Sungro, Agawam, MA) comprised of (by. vol.) 
80% canadian sphagnum peat moss, 20% coarse perlite mix, and amended with limestone and a 
wetting agent. Three plants of each species were placed in one of six climate-controlled 
environmental growth chambers (PGC 10; Percival Scientific, Perry, IA). Each growth chamber 
was assigned one of six different target air temperatures: 8, 13, 18, 23, 28, or 33 °C. 





fluorescent and incandescent bulbs at a target intensity of 250 µmol∙m-2∙s-1 for a 16-h 
photoperiod. Air temperature and light intensity were measured and recorded as previously 
described and are reported in Table 1.  
Plants were initially irrigated to container capacity using tap water supplemented with a 
complete, balanced, water soluble fertilizer (Jack’s 15–2.1–12.4; JR Peters) at 200 ppm N. 
Subsequently, all plants were irrigated to the point of abundant leaching with this fertilizer 
solution once per week.  In between fertilizations, plants were provided with un-fertilized, 
tempered water throughout the week as needed. Plants were irrigated such that there was no 
leaching, preventing the loss of mineral nutrients. This irrigation schedule was chosen to provide 
the same amount of mineral nutrients to plants across the air temperature treatments. 
Data Collection and Calculation 
At transplant, seedlings of each species were characterized by measuring three 
representative samples of each species for: height, width at their widest point, width 90o from 
their widest point, shoot fresh weight, and shoot dry weight. Additionally, the number of nodes 
with fully expanded leaves for each seedling was recorded at the time of transplant. 
At 20 d (arugula and pac choi) or 27 d (swiss chard and kale), photosynthesis (Pn), 
stomatal conductance (gs), transpiration (E), chlorophyll fluorescence (Fv/Fm), and relative 
chlorophyll concentration (SPAD) were measured between the first and fourth hour from lights 
turning on in the growth chambers. Gas exchange measurements were recorded using an infrared 
gas analyzer (LX-400XT; LI-COR Biosciences, Lincoln, NE) with the following settings: 
cuvette temperature set to the corresponding air temperature treatment, reference CO2 at 450 
ppm, light intensity of 250 µmol∙m-2∙s-1, and an 8.0 mmol H2O fraction. Measurements for Pn, gs, 
and Fv/Fm were recorded on the second most recently expanded and mature leaf. The Fv/Fm was 





Analyzer; Hansatech Instruments Ltd., Norfolk, U.K.). Chlorophyll concentration was given as 
the average of three chlorophyll content index measurements taken using a relative chlorophyll 
content meter (SPAD–502; Konica Minolta, Ramsey, NJ) on the three youngest fully expanded 
leaves of each plant. 
At 21 (arugula and pac choi) or 28 d (chard and kale) after transplanting seedlings and 
initiating temperature treatments, growth data were measured for each individual plant. The 
height to the tallest growing point from the substrate, width at the widest point, and width at a 
90° angle from the widest point were measured and the number of nodes with fully expanded 
leaves were recorded. Shoots were cut at the surface of the substrate, unfolded leaves were 
removed from the stem, and stem (SFM) and leaf fresh mass (LFM) were immediately recorded. 
Unfolded leaves were individually placed into a leaf area meter (LI-3100 Area Meter; LI-COR 
Biosciences) and the total leaf area (TLA) for each plant was logged. Plant tissues were placed 
separately in paper bags and dried in a forced-air oven for 3 d at 67 °C, after which leaf (LDM) 
and stem dry mass (SDM) were measured.  
Data calculated from these measurements included average width [(width + width 90° 
perpendicular)/2], total fresh (TFM; TFM = SFM + LFM) and dry mass (TDM; TDM = SDM + 
LDM), individual leaf area (ILA; ILA= LA/leaf number), specific leaf area (SLA; SLA = 
LA/LDM). Change in node number with fully expanded leaves was calculated from the 
difference in starting and ending nodes. 
Experimental Design and Statistical Analyses 
The experiment used a randomized complete block design and was blocked by 
temperature. Three individual plants (samples) of each species were assigned to each air 
temperature treatment. The experiment was repeated four additional times for a total of five 





(Statistical Analysis System Version 9.2 for Windows; SAS Institute, Cary, NC) applied to the 
asymmetrical parabolic model for plant growth developed by Blanchard and Runkle (2011). 
Results 
Arugula 
When grown between the temperatures of 4.9 and 16.6 °C, arugula Pn increased 
curvilinearly (Fig. 1). Leaf gs was not affected by temperature, with a mean of 0.70 mol∙m-2∙s-1 
across all treatment levels. Transpiration increased as a linear function of temperature at a rate of 
0.47 mol∙m-2∙s-1 per 1 °C increase (Fig. 1). Temperature increase did not affect arugula Fv/Fm or 
SPAD.  Individual leaf area increased as temperature rose between 5.6 and 19.2 °C and 
decreased as temperature increased further (Fig. 2). Total leaf area was increased between 7.1 
and 22.3°C and decreased beyond 22.3 °C (Fig. 2). Arugula SLA decreased with warmer 
temperatures, but accurate parameter estimates were not obtainable with the current model (Fig. 
2). As temperature increased, plants grew taller between 6.7 and 27.3 °C and became shorter 
thereafter (Fig. 3). Plants were wider with increasing temperature from 2.7 and 21.5 °C (Fig. 3), 
decreasing as temperature continued to rise beyond this point. Arugula node number changed 
curvilinearly, increasing with temperature from 3.1 to 26.4 °C, decreasing as temperature further 
increased (Fig. 3). Increasing air temperature resulted in a curvilinear increase of fresh and dry 
mass with estimated Tb values of 7.2 and 6.8 °C and estimated Topt values of 23.9 and 21.6 °C, 
respectively (Fig. 3). 
Kale 
As temperature increased from 5.4 to 15.6 °C, Pn increased, decreasing thereafter (Fig. 
1). Increasing in air temperature had no effect on kale gs (Fig. 1). Kale E increased linearly in 
response to warmer air temperatures (Fig. 1). Photosystem Fv/Fm was unaffected by changes in 





individual leaf area increased as an asymmetrical parabolic function of increasing air temperature 
to 24.3 and 20.9 °C, respectively (Fig. 2). A quadratic decrease in kale SLA corresponded with 
warmer air temperatures (Fig. 2). Height, width and node number increased curvilinearly up to, 
but not beyond, temperatures of 22.4, 23.0, and 27.1°C, respectively (Fig. 1).  A curvilinear 
increase in fresh and dry mass correlated with increasing temperatures from 7.4 to 22.6 °C and 
7.3 to 22.1 °C, respectively (Fig. 1). 
Pac Choi 
Pac choi Pn did not increase or decrease as air temperature increased (Fig. 1). 
Temperature had no effect on gs, with a mean value of 0.54 mol∙m-2∙s-1 across all treatments (Fig. 
1).  As temperatures increased, pac choi E increased linearly (Fig. 1). Pac choi Fv/Fm was 
unaffected by increases in temperature (Fig. 1). The SPAD of pac choi had a mean value of 48.8 
across all treatment levels, remaining unaffected by temperature (Fig. 1). Total leaf area and 
individual leaf area increased curvilinearly to a variable specific maximum in response to 
increasing air temperatures from 6.2 (Tb) to 28.8 (Topt) °C and 5.2 (Tb) to 22.5 (Topt) °C, 
respectively (Fig. 2). An exponential decrease of SLA resulted from increasing air temperatures 
(Fig. 2).  Increasing temperature affected pac choi height, width, and node number, causing all 
three to increase when temperatures rose. Increases occurred linearly for height and curvilinearly 
for width (3.6 to 24.8 °C) and node number (1.1 to 30.7 °C) (Fig. 3). Fresh and dry mass 
increased curvilinearly as temperature increased, reaching their highest values at 25.2 and 25.5 
°C, respectively (Fig. 3).   
Swiss Chard 
Swiss chard Pn remained constant with increasing temperatures (Fig. 1). Likewise, gs of 
chard was unaffected by temperature (Fig. 1). Swiss chard E increased linearly as temperatures 





95% of the maximum value for Fv/Fm was observed (Fig. 1). Air temperature had no effect on 
swiss chard SPAD (Fig. 1). Curvilinear increase in total leaf area and individual leaf area was 
observed as temperatures were increased to 25.4 and 27.5 °C, respectively (Fig. 2). Increases in 
temperature affected a quadratic decrease of swiss chard SLA (Fig. 2). Height increased linearly 
as temperature increased from an estimated X0 of 1.7 °C (Fig. 2). Increasing air temperature 
resulted in a curvilinear increase of width and node number to their maximum values at 26.2 and 
27.9 °C, respectively (Fig. 3). Fresh mass and dry mass increased as an asymmetrical parabolic 
function of air temperature up to 26.6 and 27.6 °C, respectively, decreasing with warmer 
temperatures beyond these points. (Fig. 3). 
Discussion 
This research is the first to quantify growth and development of arugula, kale, pac choi, 
and swiss chard grown under a wide range of temperatures and establish their cardinal 
temperatures: Tb, Topt, and Tmax. All species increased in fresh mass, node number, leaf area, and 
size up to a species-specific optimum temperature before declining. Most measures of gas 
exchange (Pn, gs, and E) differed from trends observed in growth and development parameters. 
Lastly, Tb and Topt differed both across species and within the same species when considering 
measurements of growth vs. development. The holistic results of this experiment should inform a 
physiologically based temperature management program for producers of specialty leafy greens. 
Although optimal yields may be achieved through manipulating temperature and other climatic 
conditions, special attention should be given to the resultant effects on biotic factors and the 







Height, Fresh Mass, and Dry Mass 
  Increasing air temperature promoted growth and development of all four specialty green 
species. The asymmetric parabolic model, based on the work of Blanchard and Runkle, 
successfully fit response curves to most response variables and provided estimates for Tb and Topt 
with a standard error of less than 2 °C (2011). Only limited reports regarding temperature effects 
on leafy green height are available. Steindal et al. describe a 30% reduction in kale height when 
grown at an ADT of 12 °C compared to an ADT of 18 °C (2015). This reduction is an 
underestimation compared to the changes in kale height in this experiment which shows an 
approximate 50% increase in height from 13 °C to 18 °C. Previous estimates of temperature 
effects on arugula by Frąszczak et al. (2008) show a trend height increase when temperatures are 
increased from 15 to 20 °C with no further increases beyond this point, agreeing with the results 
of this experiment. While there is no data available concerning the effects of temperature on 
swiss chard height, typical values range from 42.5 to 57.9 cm when field grown at a temperature 
of 17 °C (Pokluda and Kuben, 2002). Although these values are far greater than the swiss chard 
height of 25.47 cm observed in our experiment, Pokluda and Kuben (2002) grew their chard for a 
duration three times longer.  
  Several instances of results regarding fresh mass and dry mass accumulation disagree 
with precedent values. The observed Topt for swiss chard fresh mass (26.6 °C) is considerably 
higher than the previous recommendation (16 – 18 °C) (Nau, 2011). It is unknown whether the 
latter is based on a higher quality end-product or are simply approximations derived from related 
species. A previous study on kale suggests a fresh mass Topt of 20 °C but are based on a one-way 
ANOVA instead of an analysis with a continuous independent variable (Lefsrud et al., 2005). 
Furthermore, Lefsrud et al. (2005) reports that temperature has no effect on dry mass 





did have a significant effect on dry mass accumulation with a Topt of 22.1 °C, indicating a greater 
range of viable growing temperatures than previously estimated. Temperature studies using pac 
choi as a model species are limited to those conducted in the field which failed to partition the 
effects of ADT on yield (Kalisz et al., 2012). Our research suggests, that in a controlled 
environment ADT does impact pac choi fresh mass and can predict yields with reasonable 
accuracy when light and growth period are held constant. In Mortensen’s 2002 study, increased 
fresh mass was achieved by increasing the air temperature of arugula from 18 to 27 °C; this 
contrasts with our estimated Topt of 23.9 °C which is closer to the typical temperature at which 
arugula is grown. Mortensen acknowledges the confounding effect that light may play in 
determining these optimal temperatures. This partially accounts for the large dissimilarity in Topt 
estimates, apropos the approximately 10 mol∙m2∙d-1 greater daily light integral used in their 
study. 
Leaf Area and Node Number 
Some results regarding leaf morphology and appearance in this experiment disagree with 
previous work, in-line with the incongruities observed with overall plant growth and 
development. For example, Olesen and Grevsen (1997) describe the model for leaf area of 
cauliflower (Brassica oleracea L. botrytis) and broccoli (Brassica oleracea L. italica) as 
quadratic, whereas kale (a species in the same family) in this experiment had a growth response 
in the form of an asymmetrical parabolic curve.  
Photosynthesis 
The average Pn of all species in this study are lower than previous characterizations of 
cool-season crops given by Bunce (2008), who observed rates of assimilation several times 
higher. Bunce’s results may be explained by the higher CO2 concentration (1000 µmol) and light 





individual species’ Pn vary amongst the literature available. Research conducted by Yuan et al. 
(2017) suggests that temperature did in fact affect photosynthesis of a Brassicaceae species 
related to pac choi, decreasing the rate of CO2 assimilation as ADT was increased from 17.5 to 
32 °C.  
Temperature effects on Pn of arugula and kale agree with common values established for 
both C3 and C4 plants (Hofstra and Hesketh, 1969). Issarakraisila et al. (2007), however, 
observed higher rates of photosynthesis of kale at 25 °C than what was observed in this 
experiment. As with Bunce’s 2008 experiment, the light intensity used by Issarakraisila et al. 
(2007) (1000 µmol∙m-2∙s-1) was significantly higher than what would typically be used for 
production of leafy greens and may provide a less accurate estimate of Pn. Although there is a 
limited data concerning swiss chard photosynthetic rates, some research has been conducted in 
sugar beet (Betula vulgaris) which indicated that between 20 and 25 °C, temperature does not 
affect net photosynthesis in (Bunce, 1992). 
Stomatal Conductance 
  As noted by Urban et al. (2017), the effects on stomatal conductance are highly species 
dependent and vary in whether stomata open, close, or are not observed to change in response to 
temperature. Although this experiment did not find that gs was affected by temperature in any of 
the four species, there is some information available for related species with which to compare 
these results. Rodriguez et al. (2015) demonstrated an increase in kale gs when air temperatures 
were increased from 12 °C to 32 °C. However, data on Chinese cabbage (Brassica campestris 
ssp. chinensis Makino) and soybean (Glycine max) photosynthetic properties suggests that there 
is in fact a negative correlation between temperature and gs, with conductance decreasing as 
temperatures increase (Yuan et. al, 2017; Jumrani et al., 2017; Tacarindua et al., 2013). Although 





important component to crop yield improvement efforts (Roche, 2015).  Considering this, further 
research utilizing different gs sampling techniques may be warranted. One change that may 
improve sampling would be reducing the confounding effect of humidity, a factor that was not 
controlled in this experiment, across treatments during measurements due to its effect on gs 
(Lambers et al., 2008).  
Transpiration 
  Air temperature is a well-established factor impacting leaf transpiration by affecting two 
important parameters: leaf temperature and relative humidity (Gates, 1968; Pearcy et al., 2000). 
According to Gates (1968), orthodox leaves in limited air movement environments can be 
expected to increase transpiration as temperature increases. Conversely, transpiration may 
decrease when there is significant air movement and leaf temperature is above air temperature 
(Drake et al., 1969). There are still only limited characterizations available regarding the 
transpiration rates for the species used in our studies. In a study of a Brassica species related to 
pac choi, researchers observed that under high day temperatures (37 °C) non-heading Chinese 
cabbage had a significant reduction in transpiration compared to cool day temperatures (20 °C) 
(Yuan et al., 2017). This reduction may not be indicative of the trend across a wide range of 
temperatures, however, since such high temperatures may be triggering a stomatal regulatory 
response to avoid xylem cavitation and maintain leaf turgor pressure (Tuzet et al., 2003).  
Chlorophyll Content 
Values of SPAD are commonly used to approximate leaf chlorophyll content, with higher 
values corresponding with greater concentrations of chlorophyll and adequate leaf N status 
(Schröder et al., 2000). Although SPAD has been successfully used by Dunn et al. (2016) to 
assess the chlorophyll content of kale, the information available does not examine the effects of 





(1999) and Yuan et al. (2017) showed that the chlorophyll content of both pac choi and non-
heading Chinese cabbage (both species of Brassicaceae) decreases with growing temperature; 
this differs from the lack of effect observed in this experiment for pac choi but agrees with the 
decrease in SPAD for kale. This linear decrease in SPAD, relative to the non-linear trend of 
photosynthesis of kale, suggests that net photosynthesis for this species is not solely a function of 
chlorophyll density. 
Photosynthesis and Biomass Accumulation 
 Both fresh mass and dry mass increased in response to warmer temperatures despite 
exceeding the Topt of Pn. Kale, for example, continues to accumulate fresh mass up to a Topt of 
22.6 °C, although its Topt for Pn is 16.6 °C. This agrees with previous research conducted by 
Erwin and Gesick (2017) who contend that Pn on a unit area basis poorly approximates whole-
plant growth. Increasing growth despite a lack of increase in Pn could be explained by the total 
amount of photosynthetic area increasing, which is evident in the response of TLA increasing as 
a function of increasing air temperature.  This is supported by the fact that Topt values for fresh 
mass in all four species are much closer to the optimal temperatures for TLA than Pn. For kale, 
an increase in total plant photosynthesis via increases in photosynthetic area is highly likely since 
relative chlorophyll content is shown to decrease with warmer temperatures. 
Temperature Response Groups and Fv/Fm 
  Plants cultivated as herbaceous annuals can be sorted according to their Tb into the 
following groups: cold tolerant (Tb < 4 °C), cold intermediate (4 °C < Tb < 8 °C), and cold 
sensitive (Tb > 8 °C) (Nau, 2011). Due to differences in growth vs. development cold sensitivity, 
classification of specialty leafy greens varies according to the parameter of interest, either fresh 
mass or node number. Based on node number Tb, the following classifications can be made for 





These results are supported by the lack of change in Fv/Fm as air temperatures increased for the 
presumed cold-tolerant species (arugula, kale, pac choi) and an increase in Fv/Fm for the cold-
intermediate species (swiss chard). It’s important to note that changes in Fv/Fm (or lack thereof) 
do not necessarily imply photosystem stress; instead it is the observation of values much lower 
than 0.83 which indicate a loss of photosynthetic efficiency (Murchie and Lawson, 2013). For 
arugula, kale, and pac choi, Fv/Fm values did not deviate substantially from values near 0.83. 
Swiss chard on the other hand, exhibited Fv/Fm values suggesting photosystem stress at lower 
temperatures which were alleviated at warmer temperatures. In work by Yuan et al. (2017), 
researchers suggested that at high temperatures Fv/Fm decreased in a species comparable to pac 
choi, contradicting our own results. One possible explanation is that, although the treatment ADT 
of that experiment was similar to this work, the daytime temperature during which Fv/Fm 
measurements were taken was 5 °C greater, affecting a strain on photosynthetic mechanism. 
Managing Leafy Green Controlled Environment Temperatures 
  Managing air temperatures for specialty leafy green species is key to influencing growth 
and development in CEA production systems. The results of this experiment suggest that based 
on their Topt, growing at the following temperatures will maximize fresh mass production: 25.2 
°C (pac choi), 26.6 °C (swiss chard), 23.9 °C (arugula), 22.6 °C (kale).  When possible, CEA 
producers should group species based on their Topt while not exceeding the coldest Topt. For 
example, a producer of kale and arugula should not exceed an air temperature of 22.6 °C. Doing 
so could decrease the growth time to reach marketable size or increase fresh mass yield on a 
fixed production schedule, resulting in greater economic returns. The effects concerning 
consumer perception when specialty leafy greens are grown at these temperatures remain unclear 
but should be a key consideration in management decisions. Given a precedent for reduced 





on temperature effects may be warranted (Saure, 1998). For example, an optimal temperature of 
23.9 °C may produce the highest yield results for arugula, but potential increases in leaf nitrate 
content at these temperatures, as documented in other species, may limit the practicality of 
growing at such temperatures (Anjana and Iqbal, 2007). Growers of specialty leafy greens in 
controlled environments should integrate the information resulting from this study with their own 
observations regarding temperature effects on post-harvest quality, their heating costs associated 
with growing temperatures, and the resultant economic viability. 
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Tables and Figures 
Table 1. Growth chamber constant air temperature and light intensity 
 
Rep. 
Target air temperature  
(°C) 




1 8 6.9 ± 1.1 247 ± 16 
13 13.9 ± 0.9 232 ± 22 
18 17.9 ± 0.4 238 ± 23 
23 23.2 ± 0.8 236 ± 20 
28 27.7 ± 0.8 242 ± 30 
33 33.4 ± 0.38 245 ± 24 
2 8 7.8 ± 0.5 258 ± 12 
13 12.7 ± 0.9 263 ± 6 
18 17.4 ± 0.5 254 ± 11 
23 22.2 ± 1.0 267 ± 7 
28 28.3 ± 0.3 259 ± 8 
33 33.3 ± 0.6 272 ± 6 
3 
 
8 7.4 ± 0.6 256 ± 9 
13 13.1 ± 0.5 257 ± 17 
18 18.4 ± 0.7 257 ± 8 
23 22.0 ± 0.8 258 ± 10 
28 27.7 ± 0.5 261 ± 6 
33 32.7 ± 0.7 267 ± 6 
4 8 8.8 ± 0.9 253 ± 12 
13 12.9 ± 0.4 250 ± 10 
18 18.1 ± 1.2 253 ± 19 
23 22.2 ± 0.9 247 ± 15 
28 28.1 ± 0.4 252 ± 15 
33 32.9 ± 0.4 246 ± 10 
5 8 8.4 ± 0.5 253 ± 9 
13 12.7 ± 0.4 255 ± 11 
18 18.1 ± 0.7 250 ± 13 
23 22.9 ± 0.4 275 ± 18 
28 27.9 ± 0.5 249 ± 10 







Figure 1. Net photosynthesis (Pn), stomatal conductance (gs), chlorophyll content (SPAD), and 
chlorophyll fluorescence (Fv/Fm) of second youngest fully expanded leaf grown under air 
temperatures varying from 8 to 33 °C in 5 °C increments. Measurements were recorded between 
the first three hours of light, 20 (arugula and pac choi) or 27 d (kale and swiss chard) after 
transplant to 14 cm diameter azalea containers of peat-perlite substrate. Estimates for the 
asymmetric parabolic model parameters were given for base temperature, Tb, and optimum 
temperature, Topt. Measures of fit for linear and exponential models were described with r2 








Figure 2. Individual (ILA), total (TLA) and specific leaf area (SLA; SLA = LA/LDM) of 
arugula, kale, pac choi, and swiss chard after 21 (arugula and pac choi) or 28 d (kale and swiss 
chard) grown under air temperatures varying from 8 to 33 oC in 5 oC increments. Plants were 
grown in 5.5-inch azalea containers of peat-perlite substrate. Leaf area was measured using a 
digital leaf area meter (LI-3100 Area Meter; LI-COR Bioscience). Estimates for asymmetric 
parabolic model parameters were given for base temperature, Tb, and optimum temperature, Topt. 
Measures of fit for linear and exponential models were described with r2 values. Measures of fit 






Figure 3. Plant height, width at widest point, and width 90o from widest point of arugula, kale, 
pac choi, and swiss chard grown under air temperatures varying from 8 to 33 oC in 5 oC 
increments. Measurements were taken just before harvest, 21 (arugula and pac choi) or 28 d 
(kale and swiss chard) after transplant to 5.5-inch azalea containers of peat-perlite substrate. 
Estimates for asymmetric parabolic model parameters were given for base temperature, Tb, and 
optimum temperature, Topt. Measures of fit for linear models were described with r2 values. 
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Abstract 
Temperature is a major determinant and predictive factor of the agricultural productivity 
and morphology of leafy green and culinary herb species grown in controlled environments. 
While there are ample descriptions of growth models based average daily temperatures (ADT), 
comparatively limited research examines how differences between day and night temperatures 
(DIF) can affect these species. In past studies, DIF has been shown to impact the morphology, 
growth patterns, and heating requirements of ornamental species. The objectives of this research 
were to quantify the effects of DIF on the growth, development, and heating efficiency of lettuce 
and basil. Plants were grown under varying levels of DIF, from -10 °C to 15 °C in 5 °C 
increments at ADTs and production lengths to simulate summer (25 °C for 4 weeks) and winter 
(20 °C for 5 weeks). The results of this work indicate that while manipulating DIF does have the 










  Controlled environment agriculture (CEA) production is a growing sector of fresh market 
produce. In 2017 total CEA production was valued at $748 million from 10,849 operations, a 
value increase of 18% and operations number increase of 24% from 2012 (USDA, 2019). 
Greenhouse grown lettuce and culinary herbs in particular are species which require fewer 
structural changes to a greenhouse than vine crops, have short cropping times, and represent a 
large portion of the typical North American diet (Brechner and Both, 1996; Nau, 2011; Sebastian 
et al., 2019). In 2014, greenhouse herb production was valued at $70 million and lettuce 
production was valued at $55 million (USDA, 2014). Two of the most important species of 
lettuce and herbs in CEA are butterhead lettuce (Lactuca sativa var. capitata) and sweet basil 
(Ocimum basilicum), respectively (Morgan, 2005; 2012).  As a result of their increasing 
consumption, significant attention has been given to the factors affecting the quality and yield of 
these species with particular emphasis on both cultural and climatic components such as 
production systems, light quality and quantity, and air temperature (Chang and Alderson, 2015; 
Croitoru, 2014; Walters and Currey, 2015; Lin, 2012). 
  While average daily temperature (ADT) is commonly used to control the rate of 
vegetative growth and reproductive development, diurnal temperature differences can impact 
plant morphology (Yin et al., 1990; Blanchard and Runkle, 2011). The difference between the 
day and night temperatures is DIF; mathematically, DIF = day temperature - night temperature 
(Erwin and Heins, 1989). The primary effect of DIF is on cell elongation and resultant internode 
length, a phenomenon observed in species such as fuchsia (Fuchsia x hybrida), campanula 
(Campanula isophylla), and poinsettia (Euphorbia pulcherrima) (Erwin et al., 1991; Moe et al., 
1991; Berghage, 1989). The manipulation of DIF has been traditionally used by floriculture crop 





warmer days, cooler nights) stem elongation to achieve more desirable plant shapes (Berghage 
and Heins, 1991).  Biomass accumulation is affected by DIF as well with species such as 
snapdragon and impatiens experiencing an increase in shoot mass at more positive DIF levels 
(Shang et al., 2002; Rahman et al., 2013).  
 Managing DIF may benefit CEA growers of leafy greens and herbs as well. Since 
growers of edible crops are paid based on plant weight as opposed to a desirable plant height, the 
most beneficial effects of DIF are a reduction in night temperatures and increases in fresh mass. 
Since ambient outdoor day temperatures are naturally higher and night temperatures lower, a 
more positive DIF could reduce fuel costs for heating. This concept is referred to as temperature 
integration and has been successfully demonstrated in the production of crops like cut flowers 
and annual bedding plants (Körner and Challa, 2003; Blanchard and Runkle, 2011). While some 
DIF effects have been elucidated for common greenhouse vine crops, similar information for 
leafy greens and herbs is still inadequate (Grimstad and Frimanslund, 1992; Matsuda et al., 
2014). Previous work with basil has shown that manipulating DIF can increase final fresh mass 
(Frąszczak et al., 2011). This increase in fresh mass, however, did not indicate how it was 
partitioned into the stems and leaves of basil. This lack of partitioning is a potential drawback to 
any DIF study on CEA basil and lettuce since the foliage is the edible portion of both species and 
DIF mainly affects plant stems (Morgan, 2005; Morgan, 2012). 
  Based on the potential for positive DIF to improve yields and reduce heating costs, the 
objective of this experiment is to quantify the effect of DIF on both biomass production and 
partitioning and on estimated fuels costs for producing CEA leafy greens and herbs. To further 
this objective, we will test two hypotheses: (1) Increasing DIF will enhance biomass 





simulated heating costs per unit yield. The intended outcome of this research will improve 
decision support tools for CEA growers, lower financial barriers to entry, and create 
opportunities to reduce fossil fuel usage for greenhouse heating. 
Materials and Methods 
Plant Material and Transplant Production 
This experiment used butterhead lettuce (Lactuca sativa ‘Rex’) and basil (Ocimum 
basilicum ‘Nufar’) as model species to represent the growth habits of leafy greens and culinary 
herbs, respectively. Pelleted (lettuce) and un-pelleted (basil) seeds were sown one per cell in a 
tray of 162-cell phenolic foam (Oasis Horticubes XL; Smithers-Oasis, Kent, OH). Seedlings 
were grown in an environmentally controlled growth chamber (E–41L; Percival Scientific, Perry, 
IA). Growth chamber light intensity was held constant at a target of 270 µmol∙m–2∙s–1 for a 12 h 
photoperiod. Light intensity was controlled by changing the fluorescent light fixture height until 
the appropriate value was observed at plant height using a quantum light sensor (SQ–222; 
Apogee Instruments Inc., Logan, UT). A constant target air temperature of 22 °C was achieved 
by adjusting the on-board thermostat of the growth chamber based on the measurements of a 
shielded, naturally aspirated thermocouple (TMC1–HD; Onset, Bourne, MA) which sampled 
every 15 s and recorded the average temperature every 15 min to a data logger (HOBO U12; 
Onset, Bourne, MA). Seedlings were fertilized daily with a complete, water-soluble nutrient 
solution at a concentration of 100 ppm N (Jack’s 16–1.8–14.1; JR Peters, Allentown, PA). 
Temperature Treatments, Growth Chamber Environment, and Plant Culture 
Two-week old seedlings were transplanted into commercial soilless substrate (SS#1–F1P, 






Lettuce was planted in 14-cm-diameter azalea pots and basil was planted in 10-cm-diameter pots 
(1.45 L vol.; Belden Plastics, St. Paul, MN). 
  Plants were placed into one of six environmentally controlled growth chamber (PGC 10; 
Percival Scientific) with a diurnal air temperature difference (DIF; DIF = day air temperature – 
night temperature) of -10, -5, 0, +5, +10, or +15. These DIF treatments were applied at one of 
two different average daily temperatures: 20 °C (“winter”) or 25 °C (“summer”). The following 
day (12 h)/night (12 h) temperatures were used for the simulated winter DIF levels: -10 °C 
(15.0/25.0 °C), -5 °C (17.5/22.5 °C), 0 °C (20.0/20.0 °C), +5 °C  (22.5/17.5 °C), +10 °C 
(25.0/15.0 °C), and +15 °C (27.5/12.5 °C).   The following day (12 h)/night (12 h) temperatures 
used for the simulated summer DIF levels: -10 °C (20/30 °C), -5 °C (22.5/27.5 °C), 0 °C (25/25 
°C), +5 °C  (27.5/22.5 °C), +10 °C (30/20 °C), and +15 °C (32.5/17.5 °C).  The DIF levels 
applied for the simulated air temperature were managed and recorded as previously described 
(Tables 1,2,3, and 4). 
Light during the growth stage was supplied through a mixture of fluorescent and 
incandescent bulbs at a target intensity of 270 µmol∙m–2∙s–1 for a 12-h day. Light intensity was 
adjusted by the addition or removal of fluorescent bulbs. At transplant, plants were fertilized to 
container capacity with a water-soluble, complete, balanced nutrient solution (Jack’s 15–2.18–
12.45; JR Peters) at a concentration of 200 ppm N. At the end of each week during the growth 
stage, plants were supplied this same nutrient solution until the containers leached abundantly. 
Except for days when they were supplied nutrient solution, plants were irrigated daily as needed 





Data Collection and Calculation 
 At transplant, seedlings were described by taking height at growing point, width at their 
widest point, width at 90o from their widest point, number of nodes with fully expanded leaves, 
shoot fresh mass, and shoot dry mass from ten samples of each species.   
At the end of each week, plants grouped by treatment level were photographed from their 
top profile. Plant images were processed using software which distinguishes the plant canopy 
from image background (ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA) 
to measure canopy closure over time. 
At 48-h and 24-h before destructive harvest, photosynthetic rate (Pn), transpiration (E), 
respiration (Rd) and stomatal conductance (gs) on the second youngest fully expanded leaf were 
measured with a portable infrared analyzer (LX–6400XT; LI–COR Biosciences, Lincoln, NE). 
The Pn and gs measurements were taken between the 2nd and 5th hours from lights turning on (24-
h before harvest) and Rd measurements were taken between the 2nd and 5th hours from lights 
turning off (48-h before harvest). The infrared analyzer was adjusted to the following settings: 
cuvette temperature set to the corresponding treatment temperature, reference CO2 at 450 ppm, a 
light intensity of 270 µmol∙m–2∙s–1 for Pn measurements, a light intensity of 0 µmol∙m–2∙s–1 for Rd 
measurements, and an 8.0 mmol H2O fraction. Plants were measured for chlorophyll 
fluorescence (Fv/Fm) (Plant Efficiency Analyzer; Hansatech Instruments Ltd., Norfolk, U.K.) and 
relative chlorophyll concentration (SPAD–502; Konica Minolta, Ramsey, NJ). Measurements for 
Fv/Fm were made on the second youngest fully expanded leaf, using a dark adaptation period of 
15 min. Relative chlorophyll concentration was taken as the average of three readings taken one 
per leaf from the three youngest fully expanded leaves per plant. 
Following the growth period to the simulated season (4 weeks for 25 °C ADT, 5 weeks 





from the widest point, stem (SFM) and leaf fresh mass (LFM), and leaf area (LA). Leaf area was 
measure using a digital leaf area meter (LI-3100 Area Meter; LI-COR Bioscience). Leaves and 
stems were dried separately in a forced-air oven for 3 d at 67 °C at which point leaf dry mass 
(LDM) and stem (STDM) were measured. Data calculated from these measurements included 
shoot fresh mass, shoot dry mass (SDM= LDM + STDM), total leaf area (LA), individual leaf 
area (ILA; ILA=leaf area/leaf no.) and specific leaf area (SLA; SLA = LA/LDM).  
 Using Virtual Grower 3.0 software, fuel consumption was calculated for heating 
greenhouses in varied locations at different seasons based on the DIF treatments previously 
described (Frantz et al., 2010; 2012). These settings were chosen to simulate a structure that is 
typical of a greenhouse outfitted for edible crop production. Fuel consumption was expressed as 
m3 natural gas for each DIF treatment level within each simulated season (Table 1; Table 2). 
The simulated greenhouse was a single-span, glass and concrete structure of the 
following dimensions: 30.5 m x 7.6 m, a sidewall height of 2.7 m, and a roof height of 5 m. Air 
exchange rate was set to a value of 3.8 equivalent volume exchanges per hour with a default air 
infiltration coefficient of 0.95 using no energy curtain. Heating was scheduled using the “day and 
night” program, set to the corresponding temperatures of each DIF treatment level and 
corresponded to the given region’s photoperiod. In this simulation “daytime” was defined as 
whenever the sunlight was visible. The simulated heating system was comprised of a new (1-2 
years old) central water boiler connected to below-bench heating, using natural gas as a fuel 
source, and powered ventilation. This system used an overall heating efficiency value of 71%.  
Supplemental lighting from fluorescent bulbs was provided from 6 am to 6 pm to achieve a 





Experiment Design and Data Analysis 
 For each species, the experiment used a randomized complete block design (RCBD). 
Each replication consisted of 10 samples per species per DIF treatment. Three repetitions per 
simulated season were completed and analyzed by regression analyses with DIF as the 
independent variable using SAS software (SAS Institute, Cary NC). This resulted in a initial 
sample size of n=18 per species per treatment set. Ranges for linear regression analyses were 
determined by limiting the observations to the subset which formed a statistically significant (α= 
0.95) initial linear response. Observations beyond this range were considered representative of 
super-optimal temperature responses.  
Results 
Basil Winter Treatments 
In the winter treatments (20 °C ADT), a linear increase in basil E and Rd resulted from 
increasing DIF from -10 to 15 °C (Fig. 1). At this range of DIF values, E and Rd increased from 
1.1 to 4.8 µmol∙m-2∙s-1 and -2.1 to -0.7 µmol∙m-2∙s-1, respectively (Fig 1). Although there was 
insufficient evidence to support a significant linear relationship in basil Pn, increases in gas 
exchange were observed as DIF increased between 0 and 5 °C, with no further increases 
occurring with greater levels of DIF (Fig. 1). Basil stomatal conductance at 20 °C ADT (x̅ = 0.2 
µmol∙m-2∙s-1) was not affected by DIF (Fig. 1) 
 Observations for basil height did not form a linear trend but did show a slight increase 
from 24.7 to 30.0 cm when DIF was increased to 5 °C from -10 °C, with no increases occurring 
thereafter (Fig. 2). Basil width was affected by DIF, increasing from 14.4 to 16.8 cm at 10 °C 
DIF (Fig. 2).  Across all treatment levels, as DIF increased node number was found to increase 
slightly from 4.8 to 5.2 per plant (Fig. 2). Fresh and dry mass were also observed to accumulate 





DIF, fresh mass increased from 16.5 to 34.8 g and dry mass increased from 1.5 to 2.7 g (Fig. 2). 
Basil stem dry mass increased from 1.6 g at -10 °C to 4.4 g at 5 °C (Fig. 5). At this same range of 
temperatures, leaf dry mass increased from 9.5 g to 21.7 g per plant (Fig. 5). 
Total leaf area, individual leaf area, and canopy area grew linearly as DIF was increased 
up to 5 °C (Fig. 3), expanding from 396.8 to 795.5 cm2 (TLA), from 20.6 to 38.4 cm2 (ILA), and 
from 31.0 to 40.1 cm2 (canopy area) (Fig. 3). Dissimilarly, specific leaf area (x̅ = 36 cm2∙g-1 was 
unaffected by DIF (Fig. 3). When analyzed as a linear trend, Fv/Fm decreased between -10 and 5 
°C from a ratio of 0.821 to 0.808 (Fig.4). Chlorophyll content increased from 23.9 to 40.8 SPAD 
as DIF increased up to 15 °C (Fig. 4). 
Basil Summer Treatments 
When grown under an ADT of 25 °C, basil Pn increased when DIF was increased to 5 °C 
DIF, reaching a rate of 9.1 µmol∙m-2∙s-1 up from 8.3 µmol∙m-2∙s-1 and decreasing thereafter (Fig. 
1). Linear regression analyses suggested a significant and positive correlation between DIF and 
Rd, with net gas exchange rates increasing from -1.7 (-10 °C) to -0.9 µmol∙m-2∙s-1 (15 °C) (Fig. 
1). Stomatal conductance was highly variable across all DIF levels and formed no significant 
linear trend (x̅= 0.48 mol∙m-2∙s-1) (Fig. 1). Basil transpiration, although highly variable, indicated 
a positive linear correlation with DIF (Fig 1.). Transpiration rates increased from 5.2 to 9.2 
mol∙m-2∙s-1 as DIF was increased from -10 to 15 °C DIF (Fig. 1).  
All aspects of growth and development increased as DIF rose between -10 and 5 °C (Fig. 
2). At its tallest, basil reached a height of 37.5 cm up from 24.9 cm at -10 °C DIF (Fig. 2). Basil 
width expanded from 16.4 up to 18.8 cm (Fig 2). Basil node appearance was greatest at 5°C with 
a count of 5.8 nodes compared to 4.7 nodes at 10 °C DIF (Fig. 2). Fresh mass accumulation 
reached a maximum of 33.4 g, more than doubling from 14.5 g at -10 °C DIF (Fig. 2). Dry mass 





from 1.3 to 2.9 g per plant (Fig. 2). Between the same levels of DIF, stem dry mass increased 
from 2.6 g to 6.7 g and leaf dry mass increased from 9.7 to 22.1 g per plant (Figure 5.) 
Excluding SLA, all parameters describing leaf morphology and plant canopy all 
increased in response to greater levels of DIF, up to 5 °C from -10 °C (Fig. 3). In this range of 
treatment levels, TLA increased from 421.3 to 939.2 cm2 per plant (Fig. 3). Basil ILA likewise 
expanded from 22.2 cm2 (-10 °C DIF) to 40.2 cm2 (5 °C DIF) (Fig. 3). At x̅= 43.7 cm2∙g-1, SLA 
remained unaffected by changes to DIF (Fig. 3). Canopy area increased from 30.9 to 51.9 cm2 
per plant when DIF was to 5 °C from -10 °C (Fig. 3). Basil Fv/Fm decreased linearly from -10 °C 
to 15 °C DIF, dropping from a ratio of 0.833 to 0.809 (Fig. 4). Basil chlorophyll content 
increased linearly across the entire range of DIF treatment levels, increasing from 20.9 to 36.1 
SPAD (Fig. 4).  
Lettuce Winter Treatments 
Although significant increases in E and Rd were observed in the winter DIF treatments 
(20 °C ADT), neither Pn (x̅: 8.1µmol∙m-2∙s-1) nor gs (x̅: 0.2 mol∙m-2∙s-1) were affected (Fig. 1). 
Increases to lettuce E occurred when DIF was increased from -10 °C to 15 °C DIF, increasing 
from 1.6 to 5.1 mol∙m-2∙s-1 (Fig 1.). Lettuce R increased from -1.7 to -0.9 µmol∙m-2∙s-1 when 
diurnal temperatures were increased from the lowest to the highest levels of DIF (Fig 1.) 
All aspects of growth and development (height, width, node number, shoot fresh mass, 
and shoot dry mass) increased linearly up to a response-specific maximum as DIF was increased 
(Fig. 2). Lettuce was tallest when DIF was increased to 15 °C, reaching a height of 11.1 cm 
compared to 6.1 cm at -10 °C (Fig. 2). Plants became wider up to 10 °C DIF, increasing from 
21.2 to 27.6 cm and decreasing thereafter (Fig. 2). Lettuce development most rapid at 15 °C DIF, 
with a count of 39.5 up from 29.4 nodes at -10 °C DIF (Fig. 2). Higher fresh mass accumulation 





2). In contrast, lettuce shoot dry mass continued to accumulate up to 15 °C, increasing from 2.2 
to 5.1 g per plant (Fig 2). Likewise, both stems and leaves accumulated mass up to 15 °C DIF, 
with stem dry mass increasing from 0.8 to 2.8 g and leaf dry mass increasing from 20.5 to 48.3 g 
(Fig. 5). 
  Increasing DIF from -10 °C to 10 °C at a 20 °C ADT resulted in a linear increase to total 
leaf area (TLA) and individual leaf area, with further increases to DIF resulting in a decrease to 
both (Fig.3). The changes in per plant area for TLA and ILA across this range of DIF levels were 
as follows: 1) TLA increased from a 927.8 to 1961.0 cm2; 2) ILA increased from 31.4 to 53.4 
cm2. When DIF was increased from -10 to 15 °C, specific leaf area declined from 14.2 to 9.4 
cm2∙g-1 (Fig. 3). Canopy coverage increased from 50.9 to 94.8 cm2 when DIF was increased up 
to 15 °C (Fig.3). Increasing DIF to 15 °C from -10 °C resulted in an increase of chlorophyll 
content from 20.8 to 32.6 SPAD units and decrease in Fv/Fm ratio from 0.872 to 0.858 (Fig. 4). 
Lettuce Summer Treatments 
When lettuce was grown under a range of DIF levels at an ADT of 25 °C, only a limited 
number of gas exchange parameters were able to be reliably modeled (Fig. 1). Lettuce Rd (x̅ = -
1.3 µmol∙m-2∙s-1) showed a slight increase when at greater levels of DIF, but this change did not 
represent a significant effect (p> 0.1) (Fig. 1). Dissimilarly, Pn decreased linearly between -10 
and 15 °C DIF, dropping from 9.8 to 8.8 µmol∙m-2∙s-1 (Fig. 1). As with the winter treatments, 
stomatal conductance (x̅= 0.48 mol∙m-2∙s-1) was unaffected by DIF and E increased across all 
treatment levels, from a value of 4.17 to 11.6 mol∙m-2∙s-1 (Fig. 1). 
While aspects of growth and development were affected by DIF to varying degrees, all 
parameters were observed to follow a trend of linear increase (Fig. 2). Both lettuce height and 
width were increased when DIF was increased up to 10 °C, from 17.9 to 21.5 cm (height) and 





node number (34.5 to 37.4), shoot fresh mass (63.3 to 104.8 g), and shoot dry mass (2.9 to 4.1 g) 
(Fig. 2). While stem dry mass was unaffected, leaf dry mass increased from 27.6 to 39.4 g when 
DIF was increased from -10 to 15 °C (Fig. 5). 
Where there was a significant effect, aspects of leaf and canopy morphology responded 
by increasing linearly as DIF was increased to 5°C (Fig. 3). Total leaf area per lettuce plant 
increased from 1550.4 to 2060.5 cm2 and individual leaf area increased from 44.6 to 55.1 cm2 
(Fig. 3). Canopy area expanded from 63.9 to 89.3 cm2 per plant when DIF was increased from -
10 to 5 °C (Fig. 3). Specific leaf area was unaffected by increasing levels of DIF (x̅ = 14.0 cm2∙g-
1) (Fig. 3). From -10 to 15 °C DIF, lettuce Fv/Fm decreased linearly from 0.869 to 0.849, whereas 
SPAD increased from 26.0 to 32.7 (Fig. 4). 
Virtual Grower 3.0 Simulations 
Using the given simulation settings and efficiencies, values for fuel consumption relative 
to DIF level were calculated (Table 5; Table 6). Values for heating efficiency were obtained 
using these calculations and results for fresh mass and these values were expressed as m3 natural 
gas∙g-1 fresh mass∙plant-1 (Fig. 5). In nearly all instances a trend was observable for all species 
within all simulated seasons: as DIF was increased, heating efficiency increased up to an 
optimum before decreasing thereafter (Fig. 5). Across all simulated winter months (20 °C ADT), 
basil fresh mass production was most efficient at 5 °C DIF, with an average simulated fuel 
consumption of 194 m3 natural gas∙g-1 fresh mass∙plant-1 for basil (Fig. 5). Lettuce fresh mass 
production was optimized when grown at a DIF of 5 or 15 °C, with both resulting in an 
efficiency of 59 m3 natural gas∙g-1 fresh mass∙plant-1(Fig. 5). Within these same simulated 
months, fresh mass production for both species was most fuel inefficient at -10 °C DIF (Fig. 5).  
When the Virtual Grower 3.0 software simulated summer months (25 °C ADT), trends 





example, optimum fresh mass production as determined by heating efficiency occurs at 5 °C DIF 
with values of 60.3 (May) and 10.4 m3 natural gas∙g-1 fresh mass∙plant-1 (June) (Fig. 5). In 
simulated July, however, optimum fresh mass production occurs when DIF is 10 °C (Fig. 5). 
Lettuce mirrored this trend: simulation of May and June fuel consumption suggested fresh mass 
production was optimized at 5 °C whereas July production was optimized at 10 °C (Fig. 5). As 
with the winter simulated months, summer fresh mass production was most inefficient at -10 °C 
DIF for all species at all months (Fig. 5). 
 
Discussion 
Photosynthesis and Respiration  
The effects of DIF on measures of photosynthesis and respiration were dependent on both 
the species (basil vs. lettuce) and the set of treatments (winter vs. summer treatments). In fact, 
basil and lettuce had a nearly opposite Pn response to the DIF even among the same set of 
treatments. While there is insufficient research with which to directly compare these results for 
basil, increases in Pn in response to increasing DIF have been observed in both edible and 
ornamental crops (Berghage et al., 1989; Sunoj et al., 2016; Yuan, 2016).  
Although there is a clear indication of an effect on Pn and Rd in these species, broader 
context must be developed to fully understand these results given their variability between 
species and at the different ADTs. First, it must be determined whether changes in Pn are 
attributable to the temperature at the time of measurement rather than DIF itself. This 
determination, if valid, could provide some insight into the super-optimal values observed in 
summer basil Pn. Additionally, future work should test whether differences in Pn and Rd extend 
to the whole canopy level as opposed to a single leaf measurement (Frantz et al., 2004; Taiz et 





clarify why unit area photosynthesis decreased at the same range of DIF levels that fresh mass 
increased. 
Stomatal Relations 
Stomatal conductance and transpiration are key indirect metrics by which plant water 
status and even canopy productivity can be modeled (Blonquist et al., 2009). Our findings 
suggested that while gs was not impacted in either species, increasing levels of DIF from 
negative to positive values does cause an increase in E of both basil and lettuce regardless of 
simulated season. This finding disagrees with precedents which reason that an increase in 
transpiration is typically preceded by an increase in stomatal conductance (Farquhar and 
Sharkey, 1982). It is likely that there was in fact an increase in stomatal conductance which our 
instrument failed to detect since there is prior evidence to suggest that an increase in temperature 
does cause an increase in stomatal conductance (Roche, 2015; Urban et al., 2017). Some of the 
potential sources of error used to compute this measurement which may require finer control are 
total conductance to water and conductance at the boundary layer (McDermitt, 1990; Long and 
Bernacchi, 2003). Considering our results alongside this evidence, a modified protocol for 
measuring lettuce and basil stomatal relations may be necessary in future experiments. 
Plant Dimensions 
In previous work, DIF has been shown to have a significant and predictable effect on 
plant height by the elongation of the stem tissues in several greenhouse crops (Myster and Moe, 
1995). Although some work has been done in basil and lettuce, until now there was little 
evidence documenting this effect when those species are grown under a wide range of DIF at 
varying ADTs. In this work, growing basil and lettuce under a 25 °C range of diurnal 
temperature differences at two different simulated seasons caused plant height to increase 





noted that increasing DIF from -5 to +5 °C resulted in taller plants (2011).  It is important to note 
that the morphological distinctions between basil and lettuce affect the extent to which changes 
in height can be attributed to stem elongation via DIF. The entire increase in height for basil can 
be attributed to a lengthening of the stem since the upper foliage does not exceed an angle 
parallel to the ground. Lettuce height, on the other hand, may be impacted more by the angle of 
the foliage and the size of the largest, most upright leaf.  
 In addition to the increase in height, both species became wider as DIF was increased up 
to a maximum before declining again. This effect has not been documented in either species and 
was unanticipated. Planting density has been shown to be a significant driver of yield in 
greenhouse grown crops like basil and in both field and hydroponic production systems (Sadeghi 
et al., 2009; Maboko and Du Plooy, 2013). It is therefore pertinent that future studies anticipate 
this change in plant dimensions and its potential to impact optimal densities under varied DIF 
regimes. 
Growth and Development 
 Our results suggest that average daily temperature alone does not determine growth and 
development rates of lettuce and basil, disagreeing with analogous research on greenhouse 
grown crops (Niu at al., 2000; Inthichack at al., 2013). Node number of both species increased in 
response to increasing levels of DIF. At lower the lower ADT of 20 °C, increases to node 
number continued across the entire range of treatment levels. At the summer ADT of 25 °C this 
effect was limited to a species-specific optimum. Based on their recommended growing 
temperatures, the cause of these super-optimal responses is likely species-specific as well: 
excessively warm day temperatures for lettuce and excessively cold night temperatures for basil 
(Nau, 2011). This trend in node development at the summer ADT is mirrored in fresh mass 





resulting in an increase in fresh mass up to an optimum. Furthermore, the optima at which node 
development is most rapid is the same DIF (5 °C) at which fresh mass is greatest in both species, 
for both simulated seasons.  
Our results regarding the sensitivity of basil dry mass to DIF do not support the 
conclusions of previous studies which suggested that increasing DIF did not cause a linear 
increase in dry mass accumulation (Frąszczak et al., 2011; Inthichack et al., 2013). It is important 
to note that our lighting intensity was nearly double that of Frąszczak et al. (2011) and no 
lighting intensity was reported for Inthichack et al. (2013), limiting the extent to which the 
results of all three studies should be compared. Yet, since the experimental conditions of our 
work closely approximate northern greenhouse environments, the effects of DIF should be 
considered a significant driver of growth and development in the production of these species. 
Leaf and Canopy Morphology 
In their review of plant temperature physiology, Grace (1988) summarizes that, 
“Productivity and yield depend on the expansion and maintenance of leaf area”. Our findings 
regarding leaf and canopy morphology are consistent with this tenet. Total and individual area 
both increased in response to DIF for both species, despite previous work suggesting that an 
increase in DIF would instead cause a decrease in per plant leaf area (Frąszczak et al., 2011). As 
with many other responses in this study, TLA and ILA were optimized at the same DIF at which 
growth and development were optimized, 5°C. Per plant canopy area in all but winter lettuce, 
was optimized at this level of DIF as well. As the leaves of both species are the greatest 
contributors to shoot fresh weight, this may indicate that the processes which drive leaf 
expansion and maintenance are the prevailing factors for plant productivity in lettuce and basil. 
The observed reduction in leaf area (both individual and total) at presumed super-optimal 





excessive whole-plant evaporation (Taiz et al., 2015; Wright, 2017). Although SLA was affected 
by DIF in the winter treatments, its lack of effect in the summer treatments suggest that it plays a 
lesser role in the increased shoot fresh mass of either species. In the limited body work which 
directly studies DIF effects on SLA, researchers did not observe any effect in tomato leaves but 
did find a negative correlation in rice leaves (Heuvelink, 1988; Stuerz, 2019).  
Fluorescence and Chlorophyll 
Chlorophyll fluorescence presents a non-destructive mode of investigating “stress states 
of a plant” and a potential proxy for a limited range of gas exchange parameters (Baldassarre et 
al., 2011; Bucher et al., 2018). In this experiment, increasing DIF lowered Fv/Fm of both lettuce 
and basil but only within the summer simulation treatment. While there is no data with which to 
directly compare the outcome of DIF on fluorescence in this experiment, similar work suggests 
that there is in fact a quantifiable effect.  DIF had a significant effect on chlorophyll fluorescence 
in greenhouse grown tomatoes, with greater values of Fv/Fm resulting from more positive DIF, 
contrasting what was observed in our work (Yuan, 2016). Changes in Fv/Fm among basil and 
lettuce may indicate a stress response, but a comprehensive analysis is incomplete without first 
correlating these values to the “maximum quantum yield of photosynthetic gas exchange” 
outlined by Murchie and Lawson (2013). 
Chlorophyll content is a metric of plant health that provides some insight into nitrogen 
uptake and assimilation. When measured as relative chlorophyll content (SPAD), leaf greenness 
can be associated with nitrogen limiting growth conditions (Galieni et al., 2016). Work on basil 
by Vågen et al. (2003) showed how a negative DIF of -6 °C resulted in a decrease in overall 
chlorophyll content in comparison to plants grown at more positive DIF levels. Despite a 
significant difference in DIF treatment value range, that same decrease in chlorophyll content at 





was that chlorophyll content in both species increased continuously across all treatment levels in 
both the winter and summer ADTs. 
Both our and Vågen et al.’s (2002) results disagree with the most recent literature on basil 
chlorophyll, which suggests that there is no effect of DIF on chlorophyll content (Frąszczak et 
al., 2011). Although these differences in results may be partially attributed to the different 
average daily temperatures used, neither set of results indicate that increasing DIF imposes 
nitrogen uptake limiting conditions as indicated by SPAD.  
Heating Efficiency  
While previous studies have utilized the Virtual Grower 3.0 software to model energy-
use efficiency in greenhouse crops, this experiment is the among the first to incorporate diurnal 
temperature data to inform a greenhouse heating strategy for edible crops (Runkle et al., 2011). 
Although climatic conditions will vary based on location and facility type, by simulating a 
typical greenhouse environment our findings indicate that crop heating efficiency has the 
potential to be improved. When diurnal temperatures are integrated on a species-specific basis, 
fresh mass production per unit fuel consumption can be optimized. In this experiment, it was 
demonstrated that there is a practical limitation to using DIF to improve heating efficiency. For 
lettuce and basil, 5 °C DIF was shown to be the most commonly effective temperature 
integration strategy with further increases to DIF typically resulting in a decreased heating 
efficiency. This integration strategy was also shown to be effective when ADT was varied. This 
strategy is supported by previous hydroponic production recommendations which suggest a 
general DIF of 5.5 °C (Resh, 2013). Growers of lettuce and basil should incorporate these 
findings while adjusting simulation parameters to match their local climate more closely, facility 





optimized heating strategies should explore potential further optimization by limiting 
experimental DIF ranges based on an initial estimate derived from a greater range of DIF values. 
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Tables and Figures 

















1 -10 -9.8 ± 0.5 15.0 ± 0.7  24.8 ± 1.2 19.7 ± 5.3 273 ± 19 
 -5 -5.1 ± 0.3 17.3 ± 0.7 22.4 ± 0.6 19.8 ± 2.6 263 ± 6 
  0 -0.0 ± 0.3 19.6 ± 1.6 19.9 ± 1.0 19.7 ± 1.4 270 ± 14 
  5 4.9 ± 0.4 22.3 ± 1.0 17.7 ± 0.6 20.0 ± 2.24 265 ± 7  
10 9.8 ± 0.4 25.1 ± 1.0 14.9 ± 1.8 19.9 ± 5.3 265 ± 7 
15 14.7 ± 0.4 27.2 ± 1.4 12.4 ± 1.2 19.8 7.5 276 ± 7 
2 -10 -9.3 ± 0.7 15.4 ± 0.6 24.8 ± 0.3 20.2 ± 4.7 284 ± 10 
 -5 -4.6 ± 0.9 17.7 ± 1.1 22.5 ± 0.5 20.1 ± 2.5 283 ± 7 
  0 0.1 ± 0.2 20.0 ± 0.3 19.9 ± 0.2 20.0 ± 0.3 272 ± 4 
  5 4.5 ± 0.8 22.2 ± 0.9 17.5 ± 0.2 19.7 ± 2.4 264 ± 4 
10 10.5 ± 1.1 25.7 ± 2.1 15.0 ± 1.8 20.3 ± 5.7 284 ± 15 
15 14.4 ± 0.9 27.0 ± 1.1 12.4 ± 0.9 19.7 ± 7.4 268 ± 8 
3 -10 -9.8 ± 1.3 15.3 ± 2.0 25.2 ± 1.4 20.2 ± 5.2 277 ± 12 
 -5 -5.8 ± 1.0 16.4 ± 0.8 22.5 ± 0.2 19.4 ± 3.0 274 ± 14 
  0 -0.1 ± 0.8 19.8 ± 0.9 20.0 ± 0.2 19.9 ± 0.7 275 ± 7 
  5 4.4 ± 0.5 21.9 ± 0.7 17.4 ± 0.4 19.7 ± 2.3 266 ± 5 
10 9.2 ± 1.5 25.1 ± 1.5 14.9 ± 1.3 20.0 ± 5.3 260 ± 11 























1 -10 -10.5 ± 0.4 19.8 ± 0.5 30.3 ± 0.3 25 ± 5.3 262 ± 7 
 -5 -5.1 ± 0.6 22.3 ± 0.8 27.5 ± 0.7 24.9 ± 2.7 264 ± 10 
  0 -0.5 ± 0.7 24.7 ± 0.7 25.2 ± 0.3 25 ± 0.6 266 ± 13 
  5 5.2 ± 0.4 27.6 ± 0.6 22.4 ± 0.5 25 ± 2.6 263 ± 14 
10 9.3 ± 1.2 29.2 ± 1.3 19.9 ± 0.4 25.2 ± 5 269 ± 16 
15 14.7 ± 0.6 32.3 ± 1.3 17.5 ± 0.9 25 ± 7.5 284 ± 9 
2 -10 -9.9 ± 0.9 20.1 ± 0.9 30.1 ± 0.7 25.1 ± 5.0 265 ± 7 
 -5 -4.7 ± 1.0 22.8 ± 0.7 27.5 ± 0.6 25.2 ± 2.4 274 ± 2 
  0 0.1 ± 0.2 25.1 ± 0.7 25.0 ± 0.3 25.0 ± 0.5 268 ± 3 
  5 5.3 ± 1.1 27.9 ± 0.8 22.6 ± 0.2 25.3 ± 2.7 274 ± 7 
10 9.7 ± 0.3 29.8 ± 1.3 20.1 ± 1.3 25.0 ± 4.6 277 ± 7 
15 15.7 ± 0.9 33.7 ± 1.2 17.5 ± 0.3 25.7 ± 7.2 268 ± 2 
3 -10 -9.8 ± 1.0 19.9 ± 1.0 29.8 ± 0.8 24.8 ± 5.1 261 ± 7 
 -5 -4.9 ± 0.7 22.5 ± 0.9 27.4 ± 0.7 24.9 ± 2.6 271 ± 7 
  0 2.8 ± 0.1 24.9 ± 0.8 25.2 ± 0.3 25.0 ± 0.6 262 ± 12 
  5 4.9 ± 1.1 27.2 ± 0.9 22.3 ± 0.4 24.5 ± 2.3 270 ± 11 
10 9.9 ± 0.3 29.9 ± 1.5 20.0 ± 1.4 24.9 ± 5.1 274 ± 12 






















1 -10 -9.8 ± 0.5 15.1 ± 5.5 25.1 ± 0.1 20.1 ± 5.0  273 ± 19 
-5 -4.9 ± 0.5 17.1 ± 2.8 22.6 ± 0.1 19.9 ± 2.8 268 ± 14 
0 -0.2 ± 0.8 19.8 ± 0.4 20.0 ± 0.3 19.9 ± 0.4 270 ± 16 
5 4.8 ± 0.9 22.2 ±0.5 17.7 ± 0.4 19.9 ± 2.3 267 ±6 
10 9.9 ± 0.5 25.4 ±1.6 15.2 ± 1.5 20.2 ± 5.3 269 ±6 
15 14.7 ± 0.4 27.6 ± 1.1 12.5 ± 1.0 20.0 ± 7.6 274 ± 8 
2 -10 -9.6 ± 0.9 15.0 ± 0.9 24.9 ± 0.3 20.0 ± 5.0 278 ± 14 
-5 -4.9 ± 1.0 17.3 ± 1.1 22.4 ± 0.5 19.9 ± 2.7 281 ± 7 
0 0.1 ± 0.3 19.9 ± 0.3 19.9 ± 0.2 19.9 ± 0.3 271 ± 6  
5 4.8 ± 1.1 22.7 ± 1.1 17.5 ± 0.2 20.1 ± 2.7 272 ± 16 
10 10.4 ± 1.0 24.8 ± 2.3 14.2 ± 2.0 19.6 ± 5.6 285 ± 16 
15 14.5 ± 0.9 27.4 ± 1.2 12.5 ± 1.0 19.9 ± 7.5 268 ± 7 
3 -10 -9.9 ± 1.3 15.4 ± 2.3 25.1 ± 1.4 20.0 ± 5.2 276 ± 16 
-5 -6.0 ± 0.8 16.7 ± 1.2 22.5 ± 0.3 19.6 ± 3.0 272 ± 13 
0 -0.1 ± 0.7 20.0 ± 1.1 20.0 ± 0.2 20.0 ± 0.8 275 ± 7 
5 4.7 ± 0.8 22.1 ± 0.9 17.4 ± 0.4 19.8 ± 2.4 270 ± 11 
10 9.1 ± 1.4 25.1 ± 1.4 14.9 ± 1.3 20.0 ± 5.3 265 ± 20 























1 -10 -10.1 ± 0.1  20.0 ± 0.9 30.0 ± 0.7 25.1 ± 5.1 265 ± 8 
 -5 -5.0 ± 0.1 22.8 ± 0.8 27.5 ± 0.6 25.2 ± 2.5 273 ± 4 
  0 -0.2 ± 0.1 25.0 ± 0.8 25.1 ± 0.3 25.0 ± 0.6 267 ± 4 
  5 4.9 ± 0.0  27.6 ± 0.9 22.6 ± 0.2 25.1 ± 2.6 269 ± 10 
10 9.7 ± 0.0 29.8 ± 1.4 20.1 ± 1.4 25.0 ± 5.1 276 ± 8 
15 15.7 ± 0.1 33.3 ± 1.3 17.5 ± 0.4 25.4 ± 7.9 268 ± 3 
2 -10 -9.9 ± 0.3 19.8 ± 1.0 29.8 ± 0.8 24.8 ± 5.1 261 ± 6 
 -5 -4.9 ± 0.7  22.4 ± 0.8 27.4 ± 0.47 24.9 ± 2.6 270 ± 6 
  0 -0.2 ± 0.8 24.9± 0.9 25.1 ± 0.3 25.0 ± 0.7 261 ± 
  5 4.4 ± 0.7 27.3 ± 0.8 22.3 ± 0.4 24.8 ± 2.2 268 ± 8 
10 9.9 ± 0.3 29.9 ± 1.5  20.1 ± 1.4 24.9 ± 5.1 273 ± 11 
15 15.6 ± 0.6 32.9 ± 0.7 17.5 ± 0.4 25.3 ± 7.7 266 ± 3 
3 -10 -10.0 ± 0.2 20.1 ± 1.1 30.0 ± 0.8 24.9 ± 4.8 264 ± 9 
 -5 -5.2 ± 0.3 22.4 ± 0.9 27.6 ± 0.8 25.0 ± 2.7 267 ± 5 
  0 -0.3 ± 0.1 24.6 ± 0.5 25.0 ± 0.5 24.8 ± 0.5 260 ± 8 
  5 4.4 ± 0.4 26.9 ± 0.7 22.6 ± 0.8 24.7 ± 2.2 266 ± 11 
10 10.0 ± 0.2 29.9 ± 0.3 19.9 ± 0.8 24.8 ± 5.0 268 ± 7 






Table 5. Simulated fuel consumption (m3 natural gas) of a greenhouse for varying day-night 
temperature difference (DIF) values during winter months at an average daily temperature 
(ADT) of 20 °C. 
Month 
 
DIF (°C) January February March 
-10 9033 7373 4806 
-5 8817 7300 4739 
0 8575 7228 4683 
5 8366 7172 4691 
10 8132 7105 4710 















Table 6. Simulated fuel consumption (m3 natural gas) of a greenhouse for varying day-night 
temperature difference (DIF) values during summer months at an average daily temperature 
(ADT) of 25 °C. 
Month 
 
DIF (°C) May June July 
-10 2229 1209 1085 
-5 2105 999 763 
0 2010 845 493 
5 1988 343 667 
10 1995 798 343 









Fig. 1. Net photosynthesis (Pn), dark respiration (Rd), stomatal conductance (gs), and stomatal 
transpiration (E) of second youngest fully expanded leaf grown under diurnal air temperatures 
differences (DIF) varying from -10 to 15 °C in 5 °C increments at an average daily temperature 
(ADT) of  20 (closed symbol) and 25 °C (open symbol). Super-optimal observations were 
excluded from the linear analysis (grey symbols). Measurements were recorded between the first 
3 h of light (Pn, gs, and E) and the first 3 h of darkness (R) on lettuce and basil transplanted to 
containers of peat-perlite substrate after 5 weeks of growth (20 °C ADT) or 4 weeks of growth 
(25 °C ADT). All parameters were measured using a portable infrared gas analyzer (LX–
6400XT; LI–COR Biosciences, Lincoln, NE). Error bars indicate one standard error from the 






Fig. 2. Height, width, node number, shoot fresh mass, and shoot dry mass of lettuce and basil 
grown under diurnal air temperatures differences (DIF) varying from -10 to 15 °C in 5 °C 
increments at an average daily temperature (ADT) of  20 (closed symbol) and 25 °C (open 
symbol). Super-optimal observations were excluded from the linear analysis (grey symbols). 
Measurements were taken on plants in peat-perlite substrate after 5 weeks of growth (20 °C 
ADT) or 4 weeks of growth (25 °C ADT). Error bars indicate one standard error from the mean. 







Fig. 3. Total leaf area (TLA), individual leaf area (ILA), specific leaf area (SLA) and canopy 
area of lettuce and basil grown under diurnal air temperatures differences (DIF) varying from -10 
to 15 °C in 5 °C increments at an average daily temperature (ADT) of  20 (closed symbol) and 
25 °C (open symbol). Super-optimal observations were excluded from the linear analysis (grey 
symbol). Measurements were taken on plants in peat-perlite substrate after 5 weeks of growth 
(20 °C ADT) or 4 weeks of growth (25 °C ADT). Leaf area was measured using a digital leaf 
area meter (LI-3100 Area Meter; LI-COR Bioscience). Canopy area was measured using a 
digital camera and image analysis software (ImageJ, U. S. National Institutes of Health, 
Bethesda, Maryland, USA). Error bars indicate one standard error from the mean. Asterisks 






Fig. 4. Chlorophyll content (SPAD) and chlorophyll fluorescence (Fv/Fm) of second youngest 
fully expanded leaf grown under diurnal air temperatures differences (DIF) varying from -10 to 
15 °C in 5 °C increments at an average daily temperature (ADT) of  20 (closed symbol) and 25 
°C (open symbol). Super-optimal observations were excluded from the linear analysis (grey 
symbol). Measurements were taken on lettuce and basil plants in peat-perlite substrate after 5 
weeks of growth (20 °C ADT) or 4 weeks of growth (25 °C ADT). Measurements for SPAD and 
Fv/Fm were recorded using a portable relative chlorophyll content meter (SPAD–502; Konica 
Minolta, Ramsey, NJ) and a portable fluorometer (Plant Efficiency Analyzer; Hansatech 
Instruments Ltd., Norfolk, U.K.). Error bars indicate one standard error from the mean. Asterisks 






Fig. 5. Stem and leaf dry mass of lettuce and basil grown under diurnal air temperatures 
differences (DIF) varying from -10 to 15 °C in 5 °C increments at an average daily temperature 
(ADT) of  20 (closed symbol) and 25 °C (open symbol). Super-optimal observations were 
excluded from the linear analysis (grey symbols). Measurements were taken on plants in peat-
perlite substrate after 5 weeks of growth (20 °C ADT) or 4 weeks of growth (25 °C ADT). Error 






CHAPTER 4.    GENERAL CONCLUSIONS 
General Discussion 
 The ability to drastically control the environment in which crops are grown can result in 
significant economic benefits. Realizing those benefits necessitates a better understanding of the 
factors being manipulated, their impact on seemingly unrelated outcomes, and their interplay 
with one another. Expansion of CEA production at the national-scale but particularly within the 
Mid-west requires the support of research which explicates potential areas for improvements in 
production efficiency. Moreover, this research should address the gaps for under-studied species 
which present new economic opportunities for CEA growers. In this thesis, the basic 
physiological responses to changes in temperature of culinary herb and leafy green species are 
established. This was accomplished by building upon studies of greenhouse ornamental species 
concerning both average and diurnal temperature effects on growth, development, and 
morphology. The results of this work indicate, to-date, the most effective target growing 
temperatures when the goal of temperature manipulation is to enhance fresh mass production. 
 Average daily temperature (ADT) as measured by air temperature affects growth, 
development, and adaptive morphology (Erwin et al., 1991). In CEA production systems, the 
primary form of environmental manipulation is controlling ADT to increase marketable yield 
and maintain high produce quality (Nau, 2011). Effectively manipulating CEA temperatures 
requires knowledge of a species’ inherent cardinal temperatures: the base temperature (Tb), the 
optimal temperature (Topt), and the maximum temperature (Tmax) (Yan and Hunt, 1999). The 
research regarding crops which are promising additions to CEA production, however, has yet to 





 Consequently, in our first experiment this work sought to accomplish 3 objectives. 1) 
establish cardinal temperatures for specialty leafy green species under the conditions which 
closely approximate their intended future environment; 2) Describe changes on both a canopy 
and tissue that result from growing at these different temperatures; and 3) Develop 
recommendations for both temperature response group classification as well as evidence for 
acceptable pairings for co-production.  
  When constant air temperature is analyzed as a continuous independent variable, the 
growth and development of specialty greens can be accurately described using a asymmetric 
parabolic model. The model established in this work indicates that the theoretical optimum 
temperature for growing arugula, kale, pac choi, and swiss chard are 23.9, 22.6, 25.2 and 26.6 
°C, respectively. Furthermore, the minimum temperatures under which these species will survive 
are 3.1 °C (arugula), 3.0 °C (kale), 3.1 °C (pac choi), and 4.2 °C (swiss chard). As temperatures 
become warmer, leaf area and thickness increase to a maximum value before decreasing 
thereafter. In our work, most measures of gas exchange, chlorophyll content, and photosystem 
efficiency did not indicate a significant relationship with temperature. Based on our findings 
regarding the cardinal temperatures of these species, we submit the following recommendations 
to CEA growers of specialty leafy greens: (1) All species, with the exception of swiss chard 
(cold intermediate), may be considered cold tolerant; (2) Due to their differences in fresh mass 
Topt, arugula and kale may be grown together, but not alongside pac choi or swiss chard; and (3) 
Increased transpiration and potential increases in humidity resulting from growing at warmer 
temperatures should be expected. 
 Popular CEA crops like lettuce and basil benefit from abundant research but some 





the context of temperature, previous work on both species have begun to establish the best 
management practices for crop heating (Gent, 2014; Walters, 2015). What remains unclear is 
how modifying diurnal temperature difference can influence their biology at a tissue, organ, and 
canopy level. Although the primary effect of DIF is an increase in plant height via a lengthening 
of the internode, some evidence suggests that an increase in fresh mass may also be achieved 
(Berghage et al., 1989; Shang et al., 2002). This increase in fresh mass has a very limited 
precedent in basil and has not yet been examined in lettuce. Furthermore, in neither crop have the 
details of such an effect been incorporated into a predictive apparatus which can model the 
resultant impact of DIF on CEA heating costs. In our research, we not only describe the basic 
biological changes that lettuce and basil undergo when subjected to a wide range of DIF, we also 
show how these changes can inform a comprehensive temperature management program. 
 In the course of studying the effects of DIF on leafy greens and herbs we sought to: 1) 
Describe changes in growth, development, and morphology of lettuce and basil to increasing 
amounts of DIF at a constant ADT for a given simulated growing season; 2) Identify the linear 
range of DIF values under which each species increase their fresh mass; 3) Integrate the resultant 
linear model into greenhouse heating simulations to demonstrate the changes in heating costs 
associated with changes in DIF. By growing lettuce and basil in environmentally controlled 
chambers, we were able to administer a range of treatment levels from -10°C to 15 °C DIF at an 
ADT of 20 °C (simulated winter) and 25 °C (simulated summer).  
When the day-night temperature difference in basil and lettuce is increased from a 
negative to a positive value, multiple aspects of growth, development, morphology, and gas 
exchange were positively correlated to DIF. These increases were limited to a range that was 





point, there was typically a significant reduction to both growth and development. By comparing 
estimates for fresh mass production at specific DIF values to simulated greenhouse heating fuel 
consumption, values for fuel consumption efficiency were obtained. During both the simulated 
winter and summer months, a 5 °C DIF resulted in the most efficient strategy for both basil and 
lettuce production. Although these calculations are highly dependent on greenhouse 
infrastructure and local climate, they provide foundational trends through which further 
improvement to heating efficiency can be made.  
 Based on the findings our experiments, it is clear that no one aspect of temperature 
control is adequate to form a heating management strategy. All species involved reacted 
differently to both increasing average air temperatures and to changes in their diurnal 
temperature difference. Therefore, it is incumbent upon researchers hoping to introduce new 
crops to CEA to investigate these effects on a species by species basis while incorporating 
multiple aspects of temperature management into their experiments. Lastly, it is apparent that 
both aspects of temperature have the potential to not only change marketable yield, but alter the 
appearance of the plant as well. Growers should keep in mind that buyers of hydroponic produce 
expect a high-quality product. Thus, any system which produces more fresh mass at the expense 
of an inferior appearance endangers this value proposition. 
Recommendations for Future Research 
 Based on the difficulties in conducting these experiments, the questions that arose 
throughout, and the insights upon completion, future potential research targets remain plentiful. 
In order to form a more complete dogma regarding CEA temperature management, these areas of 
research should be considered: (1) confounding abiotic stressors; (2) the effects of growing 






 In our thesis experiments, factors like temperature, photoperiod, and light intensity were 
closely controlled. Manipulating these factors, however, does not occur in isolation of other 
environmental parameters. In both experiments, we demonstrated how an increase in temperature 
almost universally resulted in an increase in stomatal transpiration. This increase in transpiration 
rate in turn causes the relative humidity to increase in CE production spaces (Gómez et al., 
2019). Potential changes to humidity were not tracked in this thesis work but have been shown to 
have a substantial impact on the growth of some CE species (Suzuki et al., 2015). This is 
especially important to future work since humidity control and air movement play central roles in 
integrated pest management strategies (Nau, 2011; Panchal et al., 2016). 
  Temperature has an established effect on the quality of vegetables not only as a factor of 
post-harvest storage and transportation but also as a pre-harvest factor (Weston and Barth, 1997). 
In a 2014 study by Gent, growing season temperature was shown to impact the fresh mass, sugar, 
potassium, and malic acid, and nitrate content of lettuce. While this experiment demonstrates 
proof of concept for these changes, it does not describe or quantify a trend from which 
intermediate predictions can be formed, nor should its results be extrapolated to estimate changes 
in unrelated species. Future research should quantify temperature induced changes to post-
harvest traits like nutritive composition, fresh mass stability, and consumer preference.   
  This work should be conducted with two specific objectives in mind: 1) Effects should be 
demonstrated on a species by species basis, even within an overarching category such as leafy 
greens; 2) Post-harvest trait changes should be represented as a continuous spectrum as opposed 
to categorical differences. Regarding consumer preference, in contrast to work conducted by 
Bunning et al. (2010), whole-plant samples should be presented to participants in addition to 





approximation of the produce selection process of a consumer without biasing their response in 
the flavor and texture feedback portion of the experiment. 
 Changes to the abiotic greenhouse conditions do not occur in isolation from the biotic 
environment. Many of the optimal temperatures indicated in this thesis are considerably warmer 
than typical greenhouse conditions in a northern winter. Furthermore, the recommendations 
provided herein are cooler than typical greenhouse conditions in the summer. While these altered 
environmental conditions can result in an increase to marketable yield, they pose a potential 
problem regarding control of common greenhouse pests and pathogens.  
  Species like thrips have typical life cycles of only 27 to 45 d, but this duration has been 
shown to be highly temperature dependent (McDonal et al., 1998; Dole and Wilkins 2005). The 
result of this is a faster time from egg to reproductive adult and a subsequent uptick in the 
greenhouse population. Furthermore, the rates of predation of beneficial organisms upon pest 
species can be highly dependent upon temperature (Shipp and Gillespie, 1996). Botrytis as well 
is particularly active at linear range of temperatures inherent to specialty leafy green species 
studied in this thesis (Yigal and Shtienberg, 1995).  
   It is therefore pertinent that growers who adopt optimal growing temperatures also alter 
their preventative measures, screening practices, and adjust their IPM thresholds based on the 
potential changes incurred by an increase in heating or cooling. More research should be 
conducted to demonstrate how insects, fungi, and disease infection rates will change and what 
economic impact this may have on growers. 
 The expanding CEA industry, both within the mid-west and nationwide, relies on 
competent, accurate, and applicable research. Furthermore, the high energy input nature 





improve this production system. Work such as this thesis help not only to increase the 
profitability of these systems but can also help to reduce energy consumption industrywide.  
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